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Marine phytoplankton support higher trophic levels and are a key component of the 
biological carbon pump. The growth of marine phytoplankton is supported by the 
availability of bio-essential resources and incident light in the upper ocean. Over long 
periods, the biological carbon pump is sustained by the replenishment of depleted 
resources. In winter, the deepening of the mixed layer entrains underlying waters, 
transferring resources between the seasonal thermocline and mixed layer. The transfer 
of properties by entrainment is augmented by other physical processes, such as 
diapycnal diffusion and aeolian deposition. This thesis aims to synthesise and exploit 
new datasets in the Atlantic Ocean and Equatorial Pacific Ocean to quantify mixed-
layer resource availability and physical resource transfers into the upper ocean. 
 
The availability of resources in the winter mixed-layer is quantified by combining 
observational data from the GEOTRACES programme with mixed layer estimates from 
a global data assimilation model. Basin-scale patterns in the availability of nitrate, 
phosphate, silicic acid, cadmium, zinc, cobalt, iron and manganese throughout the 
Atlantic Ocean mixed-layer are identified. Relative to phosphate, we show that the 
subtropical North Atlantic is depleted in nitrate and cadmium, while enriched in silicic 
acid, zinc, cobalt, iron and manganese, with the reverse true in high latitudes. 
Intermediate conditions in relative resource availability are located in mid latitudes. 
Differences in the availability of each resource are linked to the vertical structure, 
where mixed-layer resource stoichiometry is governed by offsets in nutricline depths 
between resources. We note a coupling of silicic acid and zinc vertical profiles in the 
subtropical North Atlantic, in contrast to recent works highlighting the rapid recycling 
of zinc compared to silicic acid; however, we suggest that reversible scavenging plays 
a crucial role in setting the zinc vertical profile in the deep water column, causing an 
alignment with silicic acid. Winter-time entrainment increases the availability of 
nutrient-type resources, such as nitrate, while surface stocks are eroded for those 
resources with scavenged-type resources, such as manganese, due to their vertical 
 iv 
distributions, inducing a transfer of these resources from the mixed layer into the 
seasonal thermocline. In the mixed-layer, singular nitrogen limitation is identified in 
low latitudes, while singular iron limitation is identified at high latitudes, highlighting 
the potential for high latitude iron availability to influence low latitude 
biogeochemistry. Inter-annual variability in the depth of winter mixing causes changes 
in the winter mixed-layer resource stoichiometry, most notably in the low latitude 
North Atlantic where the mixed layer becomes richer in silicic acid, zinc, cobalt, iron 
and manganese relative to phosphate under a shoaled winter mixed-layer scenario. 
Changes to winter mixed-layer resource stoichiometry has important ecological 
implications. For example, in the equatorial Atlantic, changes to the distributions of 
nitrate and iron expand the diazotroph niche and hamper the success of non-
diazotrophs. 
 
To further understand the importance of winter-time entrainment, this thesis applied 
the helium ‘flux gauge’ approach to estimate physical mixing in the upper ocean 
during two seasonally different field campaigns. Results demonstrate that active 
entrainment increases total physical mixing by a factor of ~7 compared to regions 
where entrainment is relatively weak. Vertical resource fluxes are also controlled by 
gradients in vertical resource profiles. Vertical gradients in resource profiles are linked 
to oxygen gradients, as expected from current knowledge of trace element redox 
chemistry, however, there are differences relationships with oxygen between resource 
and region. In the subtropical North Atlantic, we demonstrate that variability in 
resource fluxes is governed by mixing, while in the equatorial Pacific, variability in 
resource gradients and mixing equally controls resource flux variability. The vertical 
resource flux stoichiometry is compared to the cellular stoichiometry of in-situ biota 
to show there are mismatches between external resource supply and biological 
demand. 
 
Finally, an investigation into the effect of seafloor topography on resource transport 
showed that mixing in the upper 1000 m is a factor ~2 greater over shallow topography 
(Rainbow hydrothermal vent site, ~2700 m depth) compared to a deeper topographic 
site (Trans-Atlantic Geotraverse hydrothermal vent site, ~3600 m depth) along the 
Mid-Atlantic Ridge. Vertical resource fluxes are inferred by combining data from 
vertical microstructure profilers with resource profiles based on the geographic 
 v 
position and external forcing by wind and tides. Generally, nutrient-type and 
scavenged-type resources demonstrated upwards and downwards diapycnal fluxes, 
respectively. Vertical diffusivity at the shallow topographic site was estimated as a 
factor ~2 larger when compared to the deep topographic site. The increase in mixing 
at the shallow topographic site was not matched by the magnitude of resource fluxes, 
as gradients in vertical resource profiles were weaker at the shallow site, mitigating 
against the increase in mixing. Differences in the vertical resource profiles are linked 
to differences in the mixing rates, water mass contributions and regeneration rates 
between the sites. The contrasting vertical diffusivity observed at the shallow and deep 
topographical sites may be used to gain insights into a future ocean where vertical 
diffusivity is reduced, and stratification increased. In such a scenario, vertical resource 
profiles may adjust to a reduction in mixing and therefore mitigate change to the 
overall vertical resource flux. Thus, the first-order view that a reduction in diffusivity 
drives a proportional decrease in the resource flux is challenged when concurrent 
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Figure 1.1. Distributions of nitrate (NO3), phosphate (PO4), cadmium (Cd), 
Silicic acid (Si), zinc (Zn), cobalt (Co), iron (Fe) and manganese (Mn) in the 
upper 2000m. Data from the GEOTRACES GA02 transect (upper left panel) 
available in the 2017 GEOTRACES Intermediate Data Product (Schlitzer et 
al., 2018).  
 
3 
Figure 2.1. Vertical distributions of key resources in the upper 1500m 
collected during the FRidge GA13 GEOTRACES field campaign at the 
Rainbow (blue) and TAG (red) hydrothermal vent sites.  
 
16 
Figure 2.2. Implications of including additional conservative tracers in the 
MOMPA. Left to right, using potential temperature and salinity, then 
including silicate, then including P* (equation 2.1), then including N* 
(equation 2.2).  Top to bottom, Mediterranean Overflow Water (MOW), 
Antarctic Intermediate Water (AAIW), Upper Labrador Seawater (ULSW) 
and Irminger Sea Water (ISW). Data collected during the FRidge GA13 
GEOTRACES Field Campaign. Water mass end-member properties from 




Figure 2.3. Sensitivity of the MOMPA to the choice of weightings applied 
to conservative tracers. In each case, the weighting of a given tracer was 
increased and decreased by 25% while other weightings remained constant.  
Top to bottom, Mediterranean Overflow Water (MOW), Antarctic 
Intermediate Water (AAIW), Upper Labrador Seawater (ULSW) and 
Irminger Sea Water (ISW). Data collected during the FRidge GA13 
GEOTRACES Field Campaign. Water mass end-member properties from 
Jenkins et al. (2015), see Table 2.1.  
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Figure 2.4. Conservative tracer properties at the TAG (red) and Rainbow 
(blue) hydrothermal vent sites. Data collected during the FRidge GA13 
27 
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GEOTRACES Field Campaign. Water mass end-member properties from 
Jenkins et al. (2015), see Table 2.1.  
 
Figure 2.5. Hydrography along GEOTRACES section GA02 sourced from 
direct observations in the GEOTRACES 2017 Intermediate Data Product 
(Schlitzer et al., 2018) and modelled estimates from ECCO version 4 release 
3 (Forget et al., 2015, Fukumori et al., 2017). 
 
28 
Figure 2.6. Statistical comparisons of temperature and salinity for 
GEOTRACES section GA02 sourced from direct observations in the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2018) and 
modelled estimates from ECCO version 4 release 3 (Forget et al., 2015, 
Fukumori et al., 2017). Point A marks the example location of identical 
datasets, B compares data from 0 to 100m, C from 100m to 250m and D from 
250m to 1000m. Bias shows offset in ECCO compared to GEOTRACES, for 
example a temperature bias of -0.2 shows ECCO is 0.2
o
C cooler than 
GEOTRACES for the given depth bin.  
 
29 
Figure 2.7. Hydrography along GEOTRACES section GA03 sourced from 
direct observations in the GEOTRACES 2017 Intermediate Data Product 
(Schlitzer et al., 2018) and modelled estimates from ECCO version 4 release 
3 (Forget et al., 2015, Fukumori et al., 2017). 
 
31 
Figure 2.8. Statistical comparisons of temperature and salinity for 
GEOTRACES section GA03 sourced from direct observations in the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2018) and 
modelled estimates from ECCO version 4 release 3 (Forget et al., 2015, 
Fukumori et al., 2017). Point A marks the example location of identical 
datasets, B compares data from 0 to 100m, C from 100m to 250m and D from 
250m to 1000m. Bias shows offset in ECCO compared to GEOTRACES, for 
example a temperature bias of -0.2 shows ECCO is 0.2
o
C cooler than 





Figure 2.7. Conservative tracer properties at the TAG (red) and Rainbow 
(blue) hydrothermal vent sites. Data collected during the FRidge GA03 
GEOTRACES Field Campaign. Water mass end-member properties from 




Figure 2.9. Schematic presenting the seasonal evolution of a nutrient-type 
and a scavenged-type resource profile (blue line) in response to changes in 
the mixed-layer depth (red arrow). Mixed-layer resource stock is represented 
by the red shaded area.  
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Figure 2.10. Evolution of a one-dimensional tracer (mol m-3) initialized as a 
nutrient-type resource profile (blue). Tracer is homogenized above the 
mixed-layer depth (MLD, red), causing entrainment when the mixed-layer 
deepens from months 1 to 7 and detrainment from months 8 to 12. Biological 
and chemical effects are not included in this idealized model. MLD 
concentration (mol m
-3
) is the average tracer concentration in the mixed 





Figure 2.11. Evolution of a one-dimensional tracer (mol m-3) initialized as a 
scavenged-type resource profile (blue). Tracer is homogenized above the 
mixed-layer depth (MLD, red), causing entrainment when the mixed-layer 
deepens from months 1 to 7 and detrainment from months 8 to 12. Biological 
and chemical effects are not included in this idealized model. MLD 
concentration (mol m
-3
) is the average tracer concentration in the mixed 





Figure 2.12. The absolute difference in entrainment calculated from the 
formulation in Tagliabue et al., (2014) and Williams et al., (2000). Mixed-
layer depth calculated from density using the de Boyer Montégut et al., 
(2004) criterion, where density is calculated from World Ocean Atlas 
(WOA) 2018 temperature (Locarini et al., 2018) and salinity (Zweng et al., 




Figure 3.1. Monthly mean maximum mixed‐layer depth (white–purple, in 
m) for the period 1992–2015 as reported in Estimating the Climate and 
Circulation of the Ocean version 4 release 3 (Forget et al., 2015; Fukumori 
et al., 2017). Overlaid, maximum number of observations (brown–yellow) 
available at a single station in 5 × 5 degree grid cells (from nitrate, phosphate, 
silica, iron, zinc, manganese, cadmium, and cobalt), biogeochemical data 
from the 2017 GEOTRACES Intermediate Data Product (Schlitzer et al., 
2018). Stations associated with the GEOTRACES GA02 cruise are indicated 
with red crosses.  
 
50 
Figure 3.2. (a) minimum (m), and (b) ratio of minimum to maximum, annual 
mixed layer depths for the period 1992 – 2015 as reported in Estimating the 
Climate and Circulation of the Ocean version 4 release 3 (Forget et al., 2015, 
Fukumori et al., 2017).  
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Figure 3.3. Biogeochemical provinces used throughout this study, ASP 
(North Atlantic sub-polar gyre), NAS (North Atlantic sub-tropical gyre), 
EQA (Equatorial Atlantic), SAS (South Atlantic sub-tropical) and SOC 




Figure 3.4. Vertical profiles of multiple elements in the Atlantic Ocean, 
median (black) and lower quartile and upper quartile (dashed black). 
Separated into biogeochemical provinces: Atlantic sub‐polar gyre (ASP), 
North Atlantic subtropical gyre (NAS), equatorial Atlantic (EQA), South 
Atlantic subtropical gyre (SAS), and the Southern Ocean (SOC). 
Interquartile range for each nutrient in each province is provided in Figure 
3.5. Data from the 2017 GEOTRACES Intermediate Data Product (Schlitzer 
et al., 2018).  
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Figure 3.5. Vertical profiles of multiple elements in the Atlantic Ocean, 
median (black) and lower quartile and upper quartile (grey). Separated into 
55 
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biogeochemical provinces: Atlantic sub-polar gyre (ASP), North Atlantic 
subtropical gyre (NAS), equatorial Atlantic (EQA), South Atlantic 
subtropical gyre (SAS) and the Southern Ocean (SOC). Data from the 2017 
GEOTRACES Intermediate Data Product (Schlitzer et al., 2018). 
 
 
Figure 3.6. Depths of the (a) nitracline (dN/dzmax, black solid line), 
phosphocline (dP/dzmax, dark green dashed line), Cd‐nutricline (dCd/dzmax, 
turquoise dotted line); (b) Si‐nutricline (dSi/dzmax, purple solid line), Zn‐
nutricline (dZn/dzmax, pink dashed line) and (c) Co‐nutricline (dCo/dzmax, 
maroon solid line), ferricline (dFe/dzmax, dashed red line) and Mn‐nutricline 
(dMn/dzmax, yellow dotted line). Shaded region is the depth over which water 
is entrained into the mixed layer from the minimum mixed‐layer thickness, 
Hmin, to the maximum mixed‐layer thickness in winter, Hmax. Nutricline 
depths, Hmin and Hmax are 10° zonal median values from Atlantic Ocean 
observations. Physical model data from ECCOv4r3 (Forget et al., 2015; 
Fukumori et al., 2017). Errorbars represent upper and lower quartile 
nutricline depths in each 10° zonal limit. Biogeochemical data from the 
western Atlantic (GA02) GEOTRACES cruise, (indicated in Figure 1) 
available in the 2017 GEOTRACES Intermediate Data Product (Schlitzer et 
al., 2018).  
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Figure 3.7: Depths (m) of the nutricline (d[N]/dzmax, where [N] is the 
concentration of a given resource) for multiple elements. Biogeochemical 




Figure 3.8. Difference (m) between the maximum mixed‐layer depth (MLD 
max) and the nutricline depth (d[N]/dzmax, where [N] is the concentration 
of a given resource) for (a) nitrate and (b) iron. Biogeochemical data from 
the 2017 GEOTRACES Intermediate data product (Schlitzer et al., 2018), 
63 
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Mixed‐layer depth defined by ECCOv4b (Forget et al., 2015; Fukumori et 
al., 2017).  
 
Figure 3.9: Difference (m) between the maximum mixed-layer depth (MLD 
max) and the nutricline depth (d[N]/dzmax, where [N] is the concentration of 
a given resource) for multiple elements. Biogeochemical data from the 2017 
GEOTRACES Intermediate data product (Schlitzer et al., 2018), Mixed-layer 
depth defined by ECCOv4b (Forget et al., 2015, Fukumori et al., 2017). 
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Figure 3.10. Resource ratios of depth integrated profiles obtained from the 
GEOTRACES 2017 IDP (Schlitzer et al., 2018). Ordered by nutrient type to 
scavenged-type resource (see text). Profiles integrated to the maximum depth 
reached by the mixed layer over 1 year, as defined by ECCOv4r3 (Forget et 
al., 2015; Fukumori et al., 2017). (a, c) mol mol
-1
, (b, e–g) mmol mol
-1
. 
Calculations were completed on a profile by profile basis, displayed in 5 × 5 
degree bins and median reported.  
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Figure 3.11. Elemental stoichiometry of depth integrated resource profiles 
obtained from the GEOTRACES 2017 IDP (Schlitzer et al., 2018). Profiles 
integrated to the maximum depth reached by the mixed layer over one year, 
as defined by ECCOv4b (Forget et al., 2015, Fukumori et al., 2017). (a, c) 
mol mol
-1
, (b, d-g) mmol mol
-1
. Calculations were completed on a profile by 
profile basis, placed in 5 x 5 degree bins and median reported above.  
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Figure 3.12. Entrainment flux of NO3, PO4, Si (all mmol m-2 year-1), Cd, Zn, 




) to the Atlantic Ocean and Southern 
Ocean. Physical model data from ECCOv4r3 (Forget et al., 2015; Fukumori 
et al., 2017). Biogeochemical data from the 2017 GEOTRACES intermediate 
data product (Schlitzer et al., 2018).  
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Figure 3.13. Log10(NO3/Fe) in the maximum annual mixed layer. Following 
Browning et al. (2017), Log10(NO3/Fe) is used to define limitation 
categories. Mixed layers are defined by ECCOv4b (Forget et al., 2015, 
75 
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Fukumori et al., 2017), biogeochemical observations from the GEOTRACES 
2017 IDP (Schlitzer et al., 2018). 
 
Figure 3.14. Biogeochemical province median percentage change in the 
elemental stoichiometry of resources in the winter mixed layer when the 
maximum annual mixed‐layer depth is (a) shoaled and (b) deepened by 20%. 
Mixed‐layer depth from ECCOv4r3 (Forget et al., 2015; Fukumori et al., 
2017). Biogeochemical provinces are the Atlantic sub‐polar gyre (ASP), 
North Atlantic sub‐tropical (NAS), equatorial Atlantic (EQA), South 
Atlantic subtropical (SAS), and the Southern Ocean (SOC). An increase in 
X/PO4 corresponds to an increase in the availability of X relative to PO4 in 
the mixed layer compared to initial conditions. Ordered by nutrient type to 
scavenged-type resource (see text). Biogeochemical data from the 2017 
GEOTRACES Intermediate Data Product (Schlitzer et al., 2018). 
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Figure 3.15. Biogeochemical province median percentage change in the 
elemental stoichiometry of resources in the winter mixed layer when the 
maximum annual mixed‐layer depth is (a) shoaled and (b) deepened by 5%. 
Mixed layer depth from ECCOv4r3 (Forget et al., 2015, Fukumori et al., 
2017). Biogeochemical provinces are the Atlantic sub-polar gyre (ASP), 
North Atlantic sub-tropical (NAS), equatorial Atlantic (EQA), South 
Atlantic subtropical (SAS) and the Southern Ocean (SOC). An increase in 
X/PO4 corresponds to an increase in the supply of X relative to PO4 in 
entrainment compared to initial conditions. Likewise, a decrease in X/PO4 
corresponds to the entrainment flux supplying more PO4 relative to X. 
Ordered by nutrient type to scavenged-type resource (see text). 
Biogeochemical data from the 2017 GEOTRACES Intermediate Data 
Product (Schlitzer et al., 2018). 
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Figure 3.16. Mean ratio of NO3 and PO4 (mol:mol) in the upper 500m of the 
North Atlantic subtropical gyre. Data taken from the 2017 GEOTRACES IDP 




Figure 3.17. Percentage difference in the decadal mean maximum annual 
mixed layer depth between historical data (2005-2014) and future scenario 
(2091- 2100) under the RCP8.5 warming scenario. All models included are 
part of the Coupled Model Intercomparison Project – Phase 5 (CMIP5) 
(Taylor et al., 2012).  
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Figure 4.1. Schematic view of the mixed layer helium budget and evolution 
with time (horizontal axis). Sources of helium are bubble inputs (grey 
circles), tritium decay (blue stars) and the deepening of the mixed layer 
(dotted grey line for equatorial regions, dashed black line for subtropical 
regions). The loss of helium is through the air-sea interface. Helium transfers 
across boundaries are given relative magnitudes (thickness of red arrows).  
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Figure 4.2. Dependence of bubble components and supersaturation on 




Figure 4.3. Gas transfer co-efficient relation with wind speed for various 
parameterizations. Included are Wanninkhof (1992), red, Woolf (1997), 
black, Wanninkhof (1999), yellow, Stanley et al. (2009), purple, Liang et al. 
(2013), green and Wanninkhof (2014), blue.   
 
97 
Figure 4.4. (a) In situ mixed-layer depth at stations where helium data is 
available in the subtropical North Atlantic (GA03) and the equatorial Pacific 
(GP16). Climatology of the annual mixed-layer depth cycle (diamonds) and 
euphotic depth (crosses) in the (b) subtropical North Atlantic and (c) the 
equatorial Pacific. Horizontal bars denote the sampling periods of GA03 and 
GP16. GA03 and GP16 data from the 2018 GEOTRACES (Schlitzer et al., 
2018), mixed-layer depth climatology from the ECCO global circulation 
model (Forget et al., 2015, Fukumori et al., 2017) and euphotic depth from 
the Globcolor project (Fanton d’Andon et al., 2009, Maritorena et al., 2010).  
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Figure 4.5. Equatorial Pacific (left panels, red) and subtropical Atlantic 
(right panels, blue). (a) Mixed layer observed d3He (coloured) and d3He 
equilibrium value based on temperature and salinity (black), both in %. (b) 
102 
 xx 
Outgassing of d3He at the air-sea interface (% m d-1) using parameterizations 
of Liang et al. (2013) and error analysis of Wanninkhof (2014). (c) Inferred 
vertical diffusivity (Kz) from the air-sea flux and d3He gradient between the 




). Helium data from the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2017). 
 
Figure 4.6. Atlantic Oxygen concentration (mmol m-3) along the 




Figure 4.7. Between the local mixed-layer depth to the winter mixed-layer 
depth, (a) vertical oxygen gradients (mmol m
-4
), (b – h) relationships 
between multiple resource gradients (b – d, mmol m
-4
, e – h, µmol m-4) and 
oxygen gradients in (mmol m
-4
) along the GEOTRACES GA03 subtropical 
North Atlantic transect (Schlitzer et al., 2017).  
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Figure 4.8. Pacific oxygen concentration (mmol m-3) along the 
GEOTRACES GP16 equatorial Pacific transect (Schlitzer et al., 2017). 
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Figure 4.9. Between the density layer at which chlorophyll falls to 20% of 
the maximum and that plus 1 kg m
-3
, (a) strength of vertical oxygen 
gradients, (b – h) relationships between multiple resource gradients (b – d, 
mmol m
-4
, e – h, µmol m-4) and oxygen gradients in (mmol m-4) along the 
GEOTRACES GP16 equatorial Pacific (Schlitzer et al., 2017). Datapoints in 
blue circles are removed from the calculation of the slope and R
2
 due to the 
influence of marginal inputs.  
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Figure 4.10. Upwards (a – c) macronutrient flux (mmol m-2 d-1), and (d – g) 
micronutrient flux (µmol m-2 d-1) into the local mixed layer during winter-
time entrainment. Data in the subtropical North Atlantic Ocean along 
GEOTRACES transect GA03 (Schlitzer et al., 2017). Errorbars reported 
result from uncertainty in the air-sea exchange parameterization 




Figure 4.11. Stoichiometry of the upward nutrient fluxes (Figure 4) relative 
to PO4. (a, b) macronutrient flux stoichiometry (mol mol
-1
) and (c – f) 
micronutrient flux stoichiometry, (mmol mol
-1
) into the local mixed layer 
during winter-time entrainment. Data in the subtropical North Atlantic 
Ocean along GEOTRACES transect GA03 (Schlitzer et al., 2017). Errorbars 
reported result from uncertainty in the air-sea exchange parameterization 
(Wanninkhof, 2014) used to infer vertical diffusivity. Shaded regions 
highlight the cellular trace metal stoichiometry of diatoms (magenta) and that 
of picoplankton and flagellates (green), data from Twining et al. (2015). Note 
the cellular Zn/PO4 of diatoms is greater than 4 mmol mol
-1
 and does not 
appear in (c). 
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Figure 4.12. (a) Inferred vertical diffusivity (m2 s-1) used to calculate the 




) and (e – h) micronutrient 
flux (µmol m-2 d-1) into the productive region of the water column. Data in 
the equatorial Pacific Ocean along GEOTRACES transect GP16 (Schlitzer et 
al., 2017). Errorbars reported result from uncertainty in the air-sea exchange 
parameterization (Wanninkhof, 2014) used to infer vertical diffusivity. 
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Figure 4.13. Stoichiometry of the upward nutrient fluxes relative to PO4. (a, 
b) macronutrient flux stoichiometry (mol mol
-1
) and (c – f) micronutrient 
flux stoichiometry, (mmol mol
-1
-) into the productive region of the water 
column. Data in the equatorial Pacific Ocean along GEOTRACES transect 
GP16 (Schlitzer et al., 2017). Errorbars reported result from uncertainty in 




Figure 4.14. Transition in nutrient limitation category in the upwards supply 
to the productive zone in the equatorial Pacific (GP16), defined as the region 
with elevated fluorescence. Limitation is defined following the formulation 
in Browning et al. (2017). Data from the GEOTRACES 2017 Intermediate 




Figure 5.1. Geographical positions of VMP casts (black triangles), Rainbow 
(blue star) and TAG (red star) hydrothermal sites. Inserts show the positions 
of VMP casts (black triangle) stainless steel rosette casts (SSR, circles) and 
trace metal clean rosette casts (TMR, crosses) near to the Rainbow (blue box) 
and TAG (red box) hydrothermal sites. Data sourced from both the Ridgemix 
project and the UK GEOTRACES GA13 section. 
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Figure 5.2. Tidal dissipation rate (W kg-1) in the subtropical North Atlantic 
around the Mid-Atlantic Ridge. Data from the TPXO8 tidal model (Egbert 
and Erofeeva, 2002). VMP casts (black triangles), Rainbow (blue star) and 
TAG (red star) hydrothermal sites. Geographic positions of interest from the 
RidgeMix project and GA13.  
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performed at the Rainbow (blue) and TAG (red) hydrothermal systems along 
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casts from (GEOTRACES GA13), SSR and TMR data is from FRidge.  
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Figure 5.5. Diapycnal diffusivity (log10, m2 s-1) at (a-c) Rainbow (blue) and 
TAG (red) hydrothermal sites along the Mid-Atlantic Ridge and (d-f) at 
VMP casts at off-ridge (black), Rainbow (blue) and TAG (red) along the 
Mid-Atlantic Ridge. ARGO profiles included in analysis are (a, d) adjacent 
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Figure 5.6. Vertical resource flux estimates in the upper 1000m at the 
Rainbow (blue) and TAG (red) hydrothermal sites along the Mid-Atlantic 
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Figure 5.7. Water mass contributions (%) at the TAG (red) and Rainbow 
(blue) study sites, following the methodology of Jenkins et al., (2015) to 
identify contributions of Mediterranean Overflow Water (MOW), Antarctic 
Intermediate Water (AAIW), Upper Labrador Sea Water (ULSW) and 
Irminger Sea Water (ISW).  
 
149 
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Mid-Atlantic Ridge. Data from the stainless-steel rosette on the FRidge 
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Figure 5.9. Vertical profile of δ3He (%) at the Rainbow hydrothermal site 
on the Mid-Atlantic Ridge. Data from the stainless-steel rosette on the 
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The ocean is a key component of the Earth system, responsible for around 50% of net 
global primary production and acting as a major carbon sink (Field et al., 1998, Gruber 
et al., 2002, Landschützer et al., 2015). Oceanic primary production is the generation 
of organic biomass by marine phytoplankton. Net primary production is a product of 
growth rate and biomass, where the growth rate is shaped by the availability of 
resources and light (bottom up control), and predation controls phytoplankton biomass 
(top down control)  (Martin and Fitzwater, 1988, Landry et al., 1997, Falkowski et al., 
1998, Mills et al., 2004, Moore et al., 2013, Browning et al., 2017a). Over long 
periods, export removes resources from the upper ocean which must be replenished to 
maintain productivity. Numerous external inputs, including those from continental 
margins (Noble et al., 2012, van Hulten et al., 2017), aeolian deposition (Jickells et 
al., 2005, Baker et al., 2013, Shelley et al., 2017), rivers (Tréguer et al., 1995, Sharples 
et al., 2017) and hydrothermal vents (Tagliabue et al., 2010), act in tandem to supply 
resources to the ocean. Resources are redistributed in the ocean interior by physical 
processes, including winter-time entrainment (Tagliabue et al., 2014, Achterberg et 
al., 2018), nutrient streams (Pelegrí et al., 1996, Williams et al., 2006), eddy pumping 
(Falkowski et al., 1991, Siegel et al., 1999, McGillicuddy, 2016), Ekman redistribution 
(Williams and Follows, 1998) and diapycnal mixing (Painter et al., 2014, Tuerena et 
al., 2019). However, vertical fluxes of key resources, particularly trace elements, 
remain poorly quantified on a basin-scale. Examining contemporary resource 
distributions and understanding how resource fluxes shape global productivity are 
imperative to predicting the oceanic response to future climate change.   
 
In this Chapter, the biogeochemical cycling and physical resupply pathways of key 






1.1 Biological Resource Demands  
 
The Redfield Ratio of carbon, nitrogen (N) and phosphorus (P) of 106:16:1 
respectively is a cornerstone of marine biogeochemistry and reflects the cellular 
composition of plankton in seawater (Redfield, 1958). Recently, the Redfield Ratio 
has been extended to include trace elements and variability between taxa groups (Ho 
et al., 2003). The productivity of marine phytoplankton is limited where resource 
stocks become insufficient to sustain growth, light levels are reduced (due to self-
shading or a deep mixing event), or grazing rates become greater than primary 
production (de Baar, 1994) .  
 
The role of micronutrients as potentially limiting productivity in the ocean was 
suggested during the Discovery cruise series in the early 20th century (Hart, 1942). 
However, accurate measurements of trace metal concentrations in seawater were not 
possible until advances in trace metal clean sampling approaches and analytical 
techniques were made. Field observations of dissolved iron (Fe) consistent with 





) Fe concentrations (Gordon et al., 1982). Iron-addition bioassay experiments 
during the VERTEX programme in the late 1980s revealed that low Fe availability in 
the upper ocean prevented the complete drawdown of major nutrients, highlighting Fe 
as a potential growth limiting resource (Martin and Fitzwater, 1988, Martin et al., 
1991). These Fe focused studies catalysed trace element oceanography and would 
form the origins of the iron hypothesis, suggesting changing Fe supply plays an 
important role in controlling glacial changes in the global carbon cycle (Martin, 1990).   
 
Alongside Fe, marine phytoplankton require a suite of other resources for metabolic 
processes (Sunda, 1989, Twining and Baines, 2013), including macronutrients nitrate 
(NO3), phosphate (PO4) and silicic acid (Si), as well as micronutrient trace elements 
zinc (Zn), manganese (Mn), cadmium (Cd) and cobalt (Co). NO3 and PO4 are 
fundamental to life and are required for the production of DNA, proteins and enzymes. 
Si is primarily used in diatom frustules (Tréguer et al., 1995). Among other uses, Fe 
is an electron transporter in photosynthesis (Raven et al., 1999) and the metalloenzyme 
nitrogenase increases the Fe demand of di-nitrogen-fixing organisms (Raven, 1988a, 
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Kustka et al., 2003). Zn is used in alkaline phosphatase, a metalloenzyme used by 
biota to access dissolved organic phosphate as a source of PO4 (Coleman, 1992), in 
carbonic anhydrase, a carbon concentrating agent for the acquisition of dissolved 
inorganic carbon (Sunda, 1989), as well as DNA and RNA. Mn is required in 
photosystem II and in the breakdown of harmful superoxide radicles by superoxide 
dismutase (Sunda, 1989). Cd has been shown to substitute for Zn in some marine 
diatoms (Prince and Morel, 1990). Finally, Co is required by vitamin B12 (Ludwig 
and Matthews, 1997, Rodionov et al., 2003).  
 
Figure 1.1. Distributions of nitrate (NO3), phosphate (PO4), cadmium (Cd), 
silicic acid (Si), zinc (Zn), cobalt (Co), iron (Fe) and manganese (Mn) in the 
upper 2000m. Data from the GEOTRACES GA02 transect (upper left panel) 
available in the 2017 GEOTRACES Intermediate Data Product (Schlitzer et al., 
2018).  
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There are differences in the large-scale distributions of NO3, PO4, Si, Cd, Zn, Co, Fe 
and Mn (Figure 1.1). Generally, the greatest quantities of macronutrients and Cd are 
found in the Southern Ocean, where concentrations of NO3, PO4 and Cd of ~30 mmol 
m
-3
, ~2 mmol m
-3
, and ~0.8 µmol m
-3
 respectively, are typical in the upper 1000 m 
(Schlitzer et al., 2018). The distributions of NO3, PO4 and Cd show signals of Antarctic 
Intermediate Water in full Atlantic meridional sections (Rijkenberg et al., 2014, 
Schlitzer et al., 2018). In the upper ocean, NO3, PO4 and Cd contours deepen in the 
subtropics and shoal around the equator, akin to isotherms and linked to anticyclonic 
gyre rotation in the subtropics (Williams and Follows, 2013). Generally, NO3, PO4 
and Cd follow a nutrient-type structure in the vertical as these resources are consumed 
at the surface and regenerated at depth (Tagliabue, 2019).  
 
Si and Zn show similar broad-scale distributions to PO4 and Cd (Figure 1.1). In the 
Southern Ocean, Si is used by diatoms to build their frustules. Diatoms then perish 
and sink through the water column, gradually releasing resources though 
remineralization. The long remineralization length scale of Si causes the release of Si 
to occur in deeper water than that of PO4 and Cd (Twining et al., 2014). Unlike Si, Zn 
is released rapidly into the water column at a similar rate to PO4 (Twining et al., 2014, 
Boyd et al., 2017). However, Zn is reactive and scavenged onto sinking particles at 
intermediate depths before release in deeper waters, known as reversible scavenging 
(Weber et al., 2018). The transfer of Zn from intermediate depths to deep waters 
couples the vertical profiles of Si and Zn (Bruland, 1980). Further, the release of Si 
and Zn into deep waters reduces their transport out of Southern Ocean, meaning water 
mass signals in low latitudes are reduced compared to PO4 and Cd.  
 
The large-scale patterns of Co, Fe and Mn are unique to each resource in the Atlantic 
Ocean (Figure 1.1). There are subsurface maxima in the distribution of Co throughout 
the Atlantic Ocean, linked to oxygen minimum zones around major upwelling sites in 
the east or the influence of Co-rich Labrador Sea Water in the western and central 
North Atlantic (Noble et al., 2017). The distribution of Fe is complex, exhibiting 
surface depletion in high latitudes and surface maxima in the subtropical North 
Atlantic due to proximity to the Sahara Desert (Martin and Fitzwater, 1988, Hatta et 
al., 2015, Achterberg et al., 2018). The subsurface Fe distribution shows signals from 
multiple sources, such as hydrothermal vents along the Mid-Atlantic Ridge and 
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sediment inputs at ocean margins (Tagliabue et al., 2010, Hatta et al., 2015). Fe is 
considered a hybrid-type element as Fe exhibits nutrient-type behavior in the upper 
water column and scavenged-type behavior at depth (Tagliabue, 2019).  Finally, Mn, 
typical of a scavenged-type resource, exhibits surface maxima throughout the Atlantic 
Ocean due to dust inputs and the photoreduction of Mn-oxides (Sunda and Huntsman, 
1994). The concentration of Mn decreases to around ~0.2 µmol m
-3
 consistently in the 
ocean interior. Overall, the relative availability of resources is highly varied 
throughout the global ocean.  
 
In vast regions of the global ocean, phytoplankton growth is limited by the availability 
of resources (Moore et al., 2013). Resource limitation occurs in three categories: (1) 
singular limitation, (2) serial-limitation and (3) co-limitation (Saito et al., 2008, 
Browning et al., 2017a). Under singular limiting conditions, the addition of the 
limiting resource stimulates phytoplankton growth. Serial, or secondary limitation, 
occurs where an additional resource becomes limiting following the addition of the 
primary limiting resource. Co-limitation occurs where two resources independently 
limit growth, or the addition of a limiting resource relieves growth limitation of 
multiple resources. For example, in the subtropical North  Atlantic, the ability of biota 
to access growth-limiting P is dependent upon the supply of Zn for use in alkaline 
phosphatase (Mahaffey et al., 2014).   
 
There is a distinction between resource limitation and resource deficiency (Moore, 
2016). Limitation occurs where resource stocks are exhausted and phytoplankton 
growth is prevented, while deficiency occurs where the relative availability of a 
resource falls below that of biological demand, however phytoplankton growth can 
occur. For example, compared to the Redfield Ratio of 16:1, waters with N:P values 
of 10:1 are considered N deficient and waters with N:P values of 20:1 are considered 
deficient in P; uptake at the Redfield ratio leads to depletion of N in the low N:P case 
and the depletion of P in the high N:P case. Deficiency indicates a potential for 
limitation following removal processes at a fixed stoichiometric ratio.  
 
The stochiometric demand of marine phytoplankton varies between each taxa group, 
leading to competitive advantages for biota able to exploit environmental conditions 
(Ho et al., 2003, Twining and Baines, 2013). For example, where oceanic sources of 
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N, such as NO3 or ammonia (NH3), are depleted, nitrogen-fixing cyanobacteria are 
able to use atmospheric di-nitrogen gas (N2) as a source of N, meaning they possess a 
competitive advantage over non-nitrogen fixers (Ward et al., 2013). Trichodesmium, 
a genus of cyanobacteria, are found in the temperate subtropical North Atlantic due N 
deplete and Fe replete waters. Here, the high Fe requirements of nitrogenase (the 
enzyme responsible for the conversion of N2 to NH3) are satisfied and energetic 
demands are met by high light intensity penetrating deep into the water column 
(Capone et al., 2005, Luo et al., 2012, Ward et al., 2013). Ultimately, Trichodesmium 
flourishes in the subtropical North Atlantic as the growth rates of non-nitrogen fixers 
are limited by N availability. Large-scale areas of resource deficiency are established 
by imbalances in the external inputs of bio-essential resources and the uptake of 
resources during phytoplankton growth followed by the sinking of detrital material. 
These resources are replenished by external processes which deliver resources to the 
upper ocean and hence maintain productivity over long periods.  
 
1.2 Physical Controls on Productivity  
 
1.2.1 The Surface Mixed Layer 
 
The mixed layer is a turbulent region of the upper water column and considered 
vertically homogeneous by definition. The mixed layer extends from the surface to a 
depth generally defined by enhanced turbulent kinetic energy or by temperature or 
density at a reference depth of 10 m plus a given criteria (Tz=10m + 0.2
o
C or ρz=10m + 
0.03 kg m
-3 
(de Boyer Montegut et al., 2004)). The mixed-layer depth is controlled by 
multiple processes which drive turbulent mixing and stratification (Chen et al., 1994, 
Williams and Follows, 2013). Surface inputs of heat and freshwater act to reduce the 
density of upper waters relative to that in underlying waters, enhancing stratification 
and reducing the mixed-layer depth. Conversely, water in the mixed layer becomes 
denser by surface heat losses and mixing with underlying waters, reducing 
stratification and increasing the mixed-layer depth. Underlying waters are entrained 
into the mixed layer due to inputs of mechanical energy causing turbulence at the base 
of the mixed-layer, such as wind stress, the breaking of internal waves or tides passing 
over rough topography (Munk and Wunsch, 1998, Whalen et al., 2012, Waterhouse et 
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al., 2014, Tuerena et al., 2019). The myriad of physical processes influencing the 
mixed-layer depth causes a seasonal cycle which is crucial in the supply of resources 
to biota in the mixed layer via entrainment (Tagliabue et al., 2014, Achterberg et al., 
2018).   
 
The seasonal cycle of the mixed layer is a fundamental feature of oceanography and 
key in supporting primary production (Williams and Follows, 2013). From the spring 
equinox to summer solstice, high inputs of heat and the relaxation of winds at the 
surface increase stratification and trap phytoplankton in the surface layer. Primary 
production by biota in the thin summer mixed layer consumes resources, which are 
partially recycled and partially exported to underlying waters (Eppley and Peterson, 
1979, Boyd and Ellwood, 2010). Export gradually reduces mixed layer resource stocks 
until resource availability becomes the growth limiting factor, preventing further 
phytoplankton development. From the summer solstice to autumn equinox, heat inputs 
to the mixed layer are reduced while mechanical forcing acts to overcome 
stratification, the competing effects cause a slow and gradual deepening of the mixed 
layer. From the autumn equinox to spring equinox, heat loss and mechanical mixing 
from the winds act in tandem to breakdown stratification and entrain waters from 
below, rapidly deepening the mixed-layer depth. Underlying thermocline waters are 
rich in resources which were previously exported from the mixed layer in earlier 
months and subsequently recycled in the underlying thermocline. This process 
replenishes resources throughout the homogeneous mixed layer in winter months. The 
annual maximum mixed-layer depth is achieved at the spring equinox where the net 
heat input transitions from negative to positive, leading to warming as the periodic 
annual mixed layer cycle restarts.  
 
The depth of the maximum monthly mixed-layer depth varies dramatically around the 
globe. In low latitude upwelling regions, the maximum mixed-layer depth rarely 
exceeds 50 m depth (de Boyer Montegut et al., 2004). In comparison, mixed-layer 
depths exceed 400 m in turbulent regions such as the Gulf Stream, exceed 600 m in 
the Pacific and Indian sectors of the Southern Ocean and exceed 1600 m in the 
Labrador Sea (Holte et al., 2017). In summer, mixed-layer depths are generally less 
than 50 m depth throughout the global ocean, meaning the amplitude of the mixed 
layer cycle varies dramatically between the tropical and sub-polar regions (de Boyer 
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Montegut et al., 2004, Williams and Follows, 2013, Holte et al., 2017). Differences in 
the depth attained by the winter mixed-layer cause substantial differences in the 
importance of winter-time entrainment. For example, in the tropics, the amplitude of 
the mixed-layer cycle is low (~20 m), meaning little underlying water is entrained into 
the mixed-layer, resulting in a low entrainment flux of depleted resources. In contrast, 
in mid-latitudes, the mixed-layer depth is around 20 m depth in summer then deepens 
to 150m in winter (de Boyer Montegut et al., 2004), entraining deep nutrient stocks 
into the mixed layer. Changes in physical controls, such as the prevalence of storms 
(de Boyer Montegut et al., 2007) and large-scale climate modes (Sallee et al., 2010), 
induce interannual variability in the winter mixed-layer depth and inherent volume of 
water entrained into the mixed layer. This has subsequent effects on the supply of 
resources to the mixed layer and alters the winter mixed-layer resource availability 
and stoichiometry (Rigby et al., 2020).  
 
1.2.2 Entrainment  
 
An ocean can be considered with four layers in the vertical, at the surface is the mixed 
layer, beneath sits the seasonal thermocline (sometimes referred to as the seasonal 
boundary layer), then the main thermocline and finally the deep ocean. Entrainment is 
the process whereby the surface mixed layer deepens and properties in the seasonal 
thermocline are transferred into the mixed layer. At the occurrence of the maximum 
annual mixed-layer depth, the mixed layer extends to the main thermocline, 
encompassing the full thickness of the seasonal thermocline. The distinction between 
the main thermocline, seasonal thermocline and mixed layer is important when 
considering the roles of upwelling and lateral advection in supplying resources to the 
mixed layer.  
 
In addition to seasonal overturning, wind induced upwelling transports deep waters, 
typically rich in regenerated resources, vertically towards the surface. Major 
upwelling sites include the subpolar North Atlantic, Benguela Upwelling zone and 
Mauritanian Upwelling Zone (Jenkins et al., 2015, McGillicuddy, 2016). Upwelled 
waters are transported through the main thermocline and seasonal thermocline, then 
are transferred into the mixed layer by entrainment as the mixed layer deepens. 
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Therefore, in Chapter 3, estimates of entrainment fluxes into the mixed layer include 
the influence of upwelling. 
 
An additional pathway of resources to the mixed layer is through induction. Induction 
is combination of lateral and vertical advection which causes the transfer of resources 
into the winter mixed-layer (Williams et al., 2006). Subsurface nutrient streams are 
characterized by fast-moving boundary currents couple with resource stocks at depth, 
creating a region of elevated nutrient flux moving laterally. In the North Atlantic, the 
Gulf Stream operates at the western boundary of the subtropical gyre and acts as a 
nutrient stream within the thermocline (Pelegrí et al., 1996, Williams et al., 2006). 
Nitrate carried by the Gulf Stream originates from particle export and remineralization 
in the subtropical and tropical upwelling areas, and the Southern Ocean. Resources 
are transferred from the Gulf Stream into the seasonal thermocline as the winter mixed 
layer deepens and becomes denser in the sub-polar North Atlantic. Nitrate rich waters 
in the seasonal thermocline are then transferred into the mixed layer by entrainment. 
Hence, estimates of entrainment provided in Chapter 3 include a signal of the 
induction process, particularly in high latitudes which experience deep winter mixed 
layers.  
 
1.2.3 Diapycnal Mixing 
 
Diapycnal mixing is a resource supply mechanism driven by tracer gradients and 
turbulent processes. Mixing ‘smoothes’ gradients in a tracer profile, transferring 
properties from a region of high concentration to a region of low concentration. In the 
case of the mixed layer, biological activity in the mixed layer and regeneration below 
form gradients in the vertical profiles of key resources, such as NO3. This drives an 
upwards vertical transfer of resources as diapycnal mixing erodes the vertical tracer 
gradients. Diapycnal diffusivity (Kz) reflects the rate at which gradients in tracer are 








 (Martin et al., 
2010, Painter et al., 2014, Tuerena et al., 2019). However, in turbulent regions, such 







(Whalen et al., 2012, Tuerena et al., 2019). The principle forcing 
mechanisms which control Kz are the inputs of turbulent kinetic energy from the 
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mechanical work done by the winds and tides (Munk and Wunsch, 1998). Wind stress 
at the surface generates near-inertial gravity waves (NIWs) which propagate along 
isopycnals in the stratified upper ocean (Alford et al., 2016). NIWs are generated as 
the convergence and divergence of surface wind stress push down and lift up 
isopycnals respectively, pumping energy into the mixed layer. This energy gradually 
dissipates and radiates downwards into the ocean interior, ultimately leading to 
turbulent mixing. Kz operates throughout the year and therefore offers a continuous 
source of major nutrients such as NO3 to a resource depleted mixed layer.  
 
There are numerous methods available to estimate Kz (Jenkins, 1988, Forryan et al., 
2012, Whalen et al., 2012, Painter et al., 2014, Stanley et al., 2015, Cronin et al., 2015, 
Tuerena et al., 2019).  In this thesis, Kz is calculated using observations of helium 
captured during GEOTRACES field campaigns and by the use of vertical 
microstructure profilers (VMPs).  
 
Helium is chemically and biologically inert noble gas and therefore an ideal physical 
tracer. In the helium flux gauge approach, excess mixed layer helium is attributed to 
air-injection processes (partially and completely dissolved bubbles at the air-sea 
interface), the in-situ decay of tritium (the radioactive parent isotope of 3Helium) and 
vertical transport of deep helium stocks (Jenkins, 1988, Jenkins and Doney, 2003). 
After accounting for air-injection and in situ tritium decay, residual helium 
supersaturation in the mixed layer must exist due to the physical upward transport of 
deep helium. Equipped with knowledge of the upwards helium flux and the vertical 
gradient of helium, an estimate of Kz due to physical processes may be estimated.   
 
Freefalling VMPs are deployed from vessels and capture estimates of temperature, 
salinity and turbulent horizontal velocity fluctuations. The vertical shear of horizontal 
currents is used alongside viscosity to infer the turbulent kinetic energy dissipation 
rate. Kz is then calculated from the turbulent kinetic energy dissipation rate, buoyancy 
frequency squared and mixing ratio (Osborn, 1980). The buoyancy frequency squared 
is related to the vertical density shear and is a measure of water column stability 
(Simpson and Sharples, 2012). The mixing ratio refers to the change in potential 
energy compared to the energy lost (Gregg et al., 2018). Physical resource fluxes are 
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then calculated from Kz estimates alongside concurrent resource observations 
(Forryan et al., 2012, Tuerena et al., 2019). 
 
1.2.4 Additional Resource Supply Pathways 
 
The supply of resources to the mixed layer by winter-time entrainment and diapycnal 
mixing is augmented by a number of external processes.  
 
Aeolian deposition (dust) is an important source of trace metals, particularly Fe and 
Mn, to the subtropical North Atlantic (Jickells et al., 2005, Rijkenberg et al., 2012, 
Ussher et al., 2013, Jickells et al., 2016). Of trace elements included in this thesis, dust 
is most abundant in Fe (5.0%), followed by Mn (0.1%),  Zn (0.0067%), Co (0.0017%) 
and Cd (0.000009%) (Rudnick and Gao, 2003). However, the solubility of these trace 
elements is also highly varied, where Zn is most soluble (31.7% ± 26.3%), followed 
by Cd (31.6% ± 19.8%), Mn (30.0% ± 14.2%), Co (12.0% ± 11.1%) and Fe (3.7% ± 
5.0%) in the subtropical North Atlantic (Shelley et al., 2018). The phenomena of high 
dust deposition rates, which deposit lithogenic particles originating from the northwest 
region of Africa, has been acknowledged since 1846 (Darwin, 1846). Dust particles 
are mobilized during high wind speeds and transported over vast distances, then 
deposited during a relaxation of wind speeds or precipitation events, known as dry and 
wet deposition respectively (Baker et al., 2013, Shelley et al., 2017). Dust events are 
highly episodic, meaning pulses of key resources are delivered to the mixed layer at 
the air sea interface at irregular intervals. The fraction of deposited minerals which are 
soluble in seawater is complex and influenced by multiple processes, include source 
minerology, atmospheric processing and particle size (Baker and Croot, 2010). 
Nevertheless, the Atlantic Ocean receives around 26% of the total global mineral 
deposition, making dust a key source of resources to the region (Duce et al., 1991).  
 
The eddy transfer of properties into the upper ocean is driven by numerous processes. 
Cyclonic (rotating clockwise in the northern hemisphere) eddies cause upwelling as 
the eddy rotation coupled with the rotation of Earth causes the divergence of water 
which must be replaced by water from below, known as eddy pumping and forming 
cold-core eddies (Williams and Follows, 2003b, McGillicuddy, 2016). Cold-core 
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eddies reduce the winter mixed-layer depth as upwelling transfers cooler dense water 
upwards and causes the doming of isopycnals (Williams, 1988, Falkowski et al., 
1991). Further, primary production is influenced the eddy-driven upwelling of nutrient 
rich deep waters (Falkowski et al., 1991). Eddies ‘trap’ properties and are advected 
causing lateral transfer. In the North Atlantic, eddies break away from the turbulent 
Gulf Stream, forming Gulf Stream Rings which transfer Fe rich waters from the 
continental slope to the gyre interior (Conway et al., 2018). Finally, the coupling of 
slanting of isopycnals and eddy stirring in the thermocline induces a vertical transport 
to transfer properties into the seasonal boundary layer (Lee and Williams, 2000, 
Spingys et al., in prep). In summary, there are various eddy-driven dynamical 
processes which transport water into the upper ocean which may ultimately be 
transferred into the mixed layer by winter-time entrainment or diapycnal exchange 
throughout the year.    
 
1.3 Key Questions 
 
The importance of bio-essential resource availability, stoichiometry and supply to the 
upper ocean is clear in current literature. However, there are numerous outstanding 
questions which are addressed in this thesis: 
 
1. What is the distribution of key resources in the surface mixed layer and how 
does it vary between resource in the Atlantic Ocean? 
 
2. How does winter-time entrainment affect the availability of trace metal 
resources in the mixed-layer in the Atlantic Ocean? 
 
3. What are the major processes which influence the vertical flux of resources 
and how do they vary regionally, temporally and between resource? 
 
4. How do trace-metal resource fluxes vary around mid-ocean topographic 
features and what controls their magnitude? 
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1.4 Thesis Structure 
 
To address the key questions posed in this thesis, multiple observational datasets and 
model output were used in analysis. In Chapter 2, they are introduced and validated. 
Chapter 2 also provides an overview of the methodology used throughout this thesis 
and examines two independent formulations of the winter-time entrainment resource 
supply to the mixed layer.  
 
In Chapter 3, GEOTRACES Atlantic Ocean observational data are synthesized and 
combined with monthly mixed-layer depth model output to estimate winter mixed-
layer resource stoichiometry and entrainment. Results are linked to vertical gradients 
in resource profiles and consequences of temporal variability in the winter mixed-layer 
depth are explored.  
 
In Chapter 4, GEOTRACES observations of helium are exploited to estimate vertical 
exchanges between the thermocline and mixed layer in the subtropical North Atlantic 
(GA03) and equatorial Pacific (GP16). The upwards helium flux is used to infer 
mixing rates and subsequently estimate key resource fluxes, linking to vertical 
gradients in resource profiles and environmental conditions.   
 
In Chapter 5, data from vertical microstructure profilers are used to provide an 
instantaneous snapshot of vertical mixing at two sites situated on the subtropical Mid-
Atlantic Ridge. Contrasts in vertical resource fluxes between a shallow and deep 
topographical site are then examined.  
 
Conclusions drawn from this thesis are synthesized in Chapter 6, recommendations 






The aim of this chapter is to provide an overview of the observational and modelled 
datasets used throughout this thesis. Numerous physical and biogeochemical datasets, 
both from modelling and observational studies, are used in subsequent science 
chapters. Here, they are introduced, and examples of their results and application are 
provided. Model output is validated using observational data. Methodology are 




2.1.1 FRidge, GA13 
 
The FRidge field campaign was conducted on the RRS James Cook and departed 
Southampton, UK on 20
th
 December 2017. Briefly, the ship sailed through the English 
Channel and Bay of Biscay, performing test stations prior to arrival at the Azores. 
Thereafter, the expedition followed the Mid-Atlantic Ridge, traversing multiple 













W). The ship docked in 
Pointe-à-Pitre, Guadeloupe on 1
st
 February 2018.  
 
The onboard responsibilities of the author of this thesis during FRidge were to collect 
samples for helium analysis from the stainless-steel rosette as well as offering support 
to other scientific procedures. Additional duties included leading the outreach and 
engagement programme for the expedition. This involved maintaining daily video log, 
capturing day-to-day life onboard and scientific procedures in various forms of media, 
regularly updating a dedicated social media page (twitter: @FRidge_GA13) and 
answering questions from primary and high school students.  
 
FRidge was a GEOTRACES section cruise, GA13, led by Alessandro Tagliabue 
(Principle Scientific Officer, University of Liverpool) and Maeve Lohan (co-Principle 
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Investigator, University of Southampton). The sampling strategy offered a unique 
opportunity to study both large-scale distributions of multiple traces alongside small 
scale process around hydrothermal sites. A stainless-steel rosette was used to capture 
samples for the measurement of helium (among others) and a titanium rosette took 
samples for trace metal analysis. Macronutrients, Mn and Al were measured from both 
rosettes. Both rosette systems featured a mounted CTD (conductivity, temperature, 
depth) sensor which delivered a live feed of salinity, temperature, oxygen, 
fluorescence, light scatter and an Eh sensor (used to measure reducing potential and 
identify hydrothermal signals). Two vertical microstructure profilers (VMPs) were 
available for use during the expedition, however staffing and instrumental error 
restricted the use of the VMP, which ultimately delivered five vertical profiles of 
turbulent dissipation to a depth greater than 500m. In Chapter 5, hydrographic, trace 
element, and VMP data are used to quantify vertical resource fluxes in the upper 
1000m at the Rainbow and TAG hydrothermal sites.  
 
The vertical profiles of NO3, PO4, Si, Fe, Mn and Al at Rainbow and TAG (Figure 
2.1), are introduced and examined prior to use in Chapter 5. At both sites, NO3 and 
PO4 are depleted at the surface, typical of a nutrient-type resource in the centre of the 
subtropical North Atlantic Gyre. The depletion of both NO3 and PO4 persists to ~60m 
at Rainbow and ~150m at TAG, supporting the role of NO3 and PO4 as growth limiting 
resources in the region (Moore et al., 2013). Below these depths, the increase in NO3 
and PO4 with depth is greater at TAG than at Rainbow, suggesting enhanced 
regeneration at TAG. The subsurface maxima in NO3 and PO4 occurs deeper in the 
water column at TAG and is of greater concentrations than at Rainbow. The vertical 
structure of the Si distribution at both sites is broadly similar to NO3 and PO4, however 
Si surface depletion is incomplete. Fe, a hybrid-type resource, exhibits a stronger 
surface maximum at TAG than Rainbow, suggesting greater delivery of Fe to the 
surface at the more southern site. The scavenged-type nature of the upper Fe profile is 
clearer at TAG than Rainbow, where subsurface minima occur at 500m depth and 
250m depth respectively. Fe accumulates below the subsurface minima due to 
remineralization, where greater Fe concentrations are located at the Rainbow site. 
There is a stronger Mn surface maximum at TAG than at Rainbow, concentrations 
then decrease rapidly to typical background levels (~0.2 µmol m
-3
) below 250m depth 
at both sites. In the Rainbow Mn profile, there are subsurface increases, indicative of 
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lateral transport from hydrothermal or sedimentary sources. Al is typically used as an 
inert tracer of aeolian dust inputs. Higher surface concentrations at TAG than Rainbow 
suggest a greater input of Saharan dust at TAG. At both sites, there are subsurface 
increases in Al, suggesting the remote influence of water masses such as Al rich 
Mediterranean Overflow Water at depth (Menzel Barraqueta et al., 2018) or local 
inputs from sediments or hydrothermal vents. 
 
  
Figure 2.1. Vertical distributions of key resources in the upper 1500m 
collected during the FRidge GA13 GEOTRACES field campaign at the 




The primary objective of the RidgeMix study was to understand the biogeochemical 
consequences of enhanced mixing over the Mid-Atlantic Ridge in the subtropical 
North Atlantic. Interactions between the internal tide and rough topography are 
recognised to cause an increase in vertical diffusivity, however contemporaneous 
direct measures of mixing and nutrients and subsequent flux calculations remained 
unavailable. The RRS James Clark Ross departed the Port of Spain, Trinidad and 
Tobago on 25
th
 May 2016, docking in Immingham, UK, on 10
th
 July 2016. RidgeMix 
was led by Jonathan Sharples (National Oceanography Centre, Liverpool) and 
sampled hydrography using a CTD system providing the same parameters as FRidge 
(excluding the Eh sensor), including oxygen and macronutrient measurements. 
Current profiles were estimated using acoustic doppler current profilers and 
microstructure profiles were collected using VMPs. Measurements made during 
RidgeMix were used to show that: 
 
 (1) Nitrate flux to the deep chlorophyll maximum is an order of magnitude 
larger over the mid-Atlantic Ridge than in the quiescent deep ocean (Tuerena et al., 
2019). 
 
 (2) Mixing and the associated nutrient flux are eight times greater during 
spring tides when compared to neap tides (Tuerena et al., 2019). 
 
(3) By incorporating a global tidal model into the study, the project 
demonstrated that enhanced mixing may be ubiquitous over ridges and seamounts in 
the global ocean (Tuerena et al., 2019). 
 
A full description of sampling, cruise narrative and data is available in the RidgeMix 
cruise report and from the British Oceanographic Data Centre 
(https://www.bodc.ac.uk/resources/inventories/cruise_inventory/report/16043/). In 




2.1.3 The GEOTRACES Programme 
 
GEOTRACES is an international, multi-lab effort to sample key trace elements and 
isotopes in the global ocean (Anderson, 2020). The project stems from the earlier 
Geochemical Ocean Sections Study (GEOSECS) during the 1970s which delivered a 
global survey of hydrographical parameters alongside major nutrients carbon, nitrate, 
phosphate and silicate (Craig and Turekian, 1980). However, during GEOSECS, 
analytical techniques could not determine trace element concentrations as samples 
were often fraught with contamination (Brewer et al., 1972, Bruland et al., 1978). At 
present, there are 392 vertical Fe profiles in the GEOTRACES Intermediate Data 
Product (Schlitzer et al., 2018).   
 
Data collected on GEOTRACES cruises must comply with the methodology in the 
GEOTRACES protocol (Cutter and Bruland, 2012), meet intercalibration standards 
and measure a list of key parameters, including trace elements iron, zinc, manganese 
and cadmium. Accuracy and precision are reported in GEOTRACES. Accuracy 
reflects the ability of a method to measure samples to the true value. Precision is a 
measure of variability in measurements. The accuracy of individual methods used in 
GEOTRACES is maintained by using SAFe or GEOTRACES Consensus Samples as 
reference material. Precision is measured in two parts: field and analytical, where field 
precision represents variability owing to sampling techniques and analytical represents 
variability derived from the analytical procedure applied. Field precision is estimated 
by measuring two different samples from the same bottle, while analytical precision 
is estimated by repeated analysis of a single sample. After quality control procedures, 
data are then made available at the release of the proceeding GEOTRACES IDP and 
can be downloaded from the online portal hosted at the Alfred Wegener Institute 
(https://geotraces.webodv.awi.de/login). Data is available to downloaded in multiple 
formats. The NetCDF file format is most suitable for use in Matlab and was therefore 
preferred for GEOTRACES data downloads throughout this thesis. Quality controls 
must be performed on GEOTRACES data before use. Each variable in the NetCDF has 
an associated ‘flag’ array, comprising of numbers 0 to 9, referring to the quality of the 
observation, only data with ‘good value’ flags (value = 1) were used. In this thesis, all 
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trace element abbreviations refer to the dissolved phase and are operational defined 
by 0.2µm filtered samples.  
 
2.1.4 World Ocean Atlas 
 
The World Ocean Atlas (WOA) is a climatological database of in-situ measurements 
throughout the global ocean (https://www.nodc.noaa.gov/OC5/woa18/). Data are 
binned into a 1° ´ 1° longitude-latitude grid and binned in the vertical, with higher 
resolution towards the surface. Interpolated fields are available, providing complete 
coverage of the global ocean. In the 2018 World Ocean Atlas, data available are 
temperature, salinity, dissolved oxygen, percent oxygen saturation, apparent oxygen 
utilisation, nitrate, silicate, and phosphate (Garcia et al., 2018, Locarnini et al., 2018, 
Zweng et al., 2018).  
 
2.1.5 Aeolian Deposition Model and Aerosol Solubility 
 
Aeolian deposition (dust) is a major supply pathway of resources to the ocean, 
particularly in the subtropical North Atlantic. Dust deposition rates, composition and 
solubility are used to gauge the importance of dust on setting mixed-layer 
stoichiometry (Chapter 3), as well as understanding the relative roles of entrainment 
(Chapter 3) and physical transport (Chapter 4) compared to dust inputs. The dust 
model of Mahowald et al. (2005) is used to estimate the rate of lithogenic particles 
deposited at the air-sea interface. The elemental composition of these dust particles 
follows crustal ratios defined in Rudnick and Gao (2003) . Solubility is defined as a 
percentage of elemental composition of aerosol dissolving in seawater by shipboard 
measurements made along the GEOTRACES GA03 transect in the subtropical North 
Atlantic (Shelley et al., 2018). In Chapter 3, nitrogen deposition uses the atmospheric 
particle field of Duce et al., (2008) and assumes complete dissolution upon settling at 
the air-sea interface. The Duce et al., (2008) model contains anthropogenic sources of 
nitrogen as they are a major contributor to atmospheric nitrogen.  
 
There are a number of caveats in the choice of dust model and solubilities applied. For 
instance, dust deposition is recognised as a highly episodic event. During the 
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GEOTRACES GA03 cruise, scientists reported the ship and equipment were coated in 
a layer lithogenic dust originating from the Sahara (Boyle et al., 2015b). The sporadic 
nature of dust storms restricts the use of annual dust models in accurately estimating 
daily or monthly deposition rates. Following particle deposition at the air-sea 
interface, solubility defines the fraction of lithogenic aerosol which enters the 
dissolved phase. The source region affects the solubility of each element. For example, 
in fine mode particles (< 1µm) supplied to the Atlantic Ocean, the fractional solubility 
of Fe varies from 38% in aerosol sourced from continental Europe to 54% in aerosols 
originating in the Sahara (Baker and Jickells, 2017). Solubility is further complicated 
by additional sources such as biomass burning which reduces fractional Fe solubility 
by 16% in fine particles sourced from Southern Africa (Baker and Jickells, 2017). 
Solubility is sensitive to processes during atmospheric transport, for instance, the pH 
of water vapour in clouds is variable and alters acid processing of lithogenic particles 
(Baker et al., 2006).  
 
2.1.6 ARGO Diffusivity  
 
At present, the ARGO programme has delivered a wealth of oceanographic data and 
is expanding to include deep ARGO profiles (below 2000 m depth) and BioARGO to 
include biological data products. Current ARGO floats undulate in the upper 2000 m, 
measuring properties such as temperature and salinity at near global coverage. When 
ARGO floats surface, data is transmitted to receiving stations via satellites. 
Hydrographic ARGO profiles have been used to produce global maps of the turbulent 
dissipation rate, used to infer mixing rates (Whalen et al., 2012, Whalen et al., 2015, 
Whalen et al., 2018). In Chapter 5, ARGO diffusivity, provided by Caitlin Whalen 
(University of Washington), is used alongside vertical microstructure profilers to 
calculate upper ocean resource fluxes based on multiple selection criteria. 
 
2.1.7 ECCO Model  
 
The Estimating the Circulation and Climate of the Ocean (ECCO) model is an ocean 
state estimate which uses the eddy-resolving MITgcm and multiple observational 
datasets to produce a physically consistent global model (Forget et al., 2015, Fukumori 
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et al., 2017). The project uses inverse methods to optimise the ocean state estimate, 
which filters noise in observational data to study underlying processes, then 
interpolates or extrapolates to regions where observational data is unavailable. The 
adjoint method applied in ECCO is a reanalysis least-squares fitting approach used to 
improve the state estimate compared to observations. Observational datasets used in 
the ECCO reanalysis include sea level data from satellites, temperature and salinity 
from ARGO floats and climatology from the World Ocean Atlas. Model output and 
code are available to download through the ECCO drive subject to account creation 
(https://ecco.jpl.nasa.gov/drive/files). Throughout this thesis, the latest version of 
ECCO at the time of writing was used, version 4 release 3 (v4r3). ECCOv4r3 covers 
the period 1992 – 2015 (extended from version 4 release 2, 1992 – 2011) and contains 
improved sea-ice dynamics, various new observational data, modified controls and an 




2.2.1 Working Practice 
 
The primary computational language used for analysis was Matlab (version 9.1, 2016b 
onwards). Generally, data were downloaded in NetCDF format from online 
repositories and imported directly into Matlab for analyses. NetCDF files were first 
interrogated using the ncdisp function, which displays all attributes and variables held 
within the .nc file to the command window. From the command window, information 

















MOW Mediterranean Overflow Water 12.65 36.629 198.4 7.46 11.17 0.67
WOCE A03 
1993 Station 6 -0.11 2.96
ISW Irminger Sea Water 7.11 35.118 272.4 6.70 14.30 0.94

















regarding variable structure, missing values and flags were viewed and processed. The 
data is then imported using ncread. Test figures were produced to ensure imported 
data were around expected values. For each chapter of this thesis, a central command 
script and toolbox of bespoke functions were written. A central script which calls 
functions is recommended as best practice and has several benefits. This prevents a 
single script from becoming very long which is difficult for the user (and others) to 
follow the methodology applied. It is more time efficient for the author as similar code 
does not need to be rewritten for multiple applications (for example, when computing 
fluxes for multiple resources), this also reduces the risk of errors in code as less code 
is written. It is computationally more efficient to use functions as arrays generated 
within functions are not ‘passed back’ to the central script, meaning the Matlab 
memory usage is reduced. Functions created may be modified for other uses. Both 
central scripts and functions should be properly sectioned (using %%) and commented 
(using %) so that the user can fully understand the purpose of each section and each 
command. It is important to produce figures of key variables at each stage of analysis, 
particularly when analyses require multiple steps. This aids the ‘debugging’ process 
and ensures code is performing the expected equations or manipulations.  
 
2.2.2 FRidge Water Mass Analysis 
 
Initial water mass analyses during the FRidge field campaign were completed by Carl 
P. Spingys (University of Southampton) and Alessandro Tagliabue (University of 
Liverpool) using a Modified Optimum Multiparameter Analysis (MOMPA) following 
the methodology described in Jenkins et al., 2015. Sensitivity tests were later 
performed by the author of this thesis. The MOMPA approach uses five conservative 
properties: potential temperature, salinity, silicate, P* (equation 2.1) and N* (equation 
2.2) to identify water masses contributing to a water column in a given location. P* is 
derived from Broecker et al., (1991) in combination with Anderson and Sarmiento, 
(1994) , who provided an updated Redfield Ratio, where    
The traditional Redfield Ratio, where Corg : N : P : = 106 : 16 : 1, is derived from 
plankton decomposition studies and assumes the release of nutrients from organic 
 
!∗ 	= 	!%& +	
%(
170 − 1.95 [2.1] 
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material during remineralisation is uniform throughout the water column (Redfield, 
1958). The preferential remineralisation of some elements over others reduces the 
adequacy of traditional Redfield Ratio at depth, this is particularly problematic in 
water mass studies. Hence,  Anderson and Sarmiento (1994) developed an updated 
Figure 2.2. Implications of including additional conservative tracers in the 
MOMPA. Left to right, using potential temperature and salinity, then 
including silicate, then including P* (equation 2.1), then including N* 
(equation 2.2).  Top to bottom, Mediterranean Overflow Water (MOW), 
Antarctic Intermediate Water (AAIW), Upper Labrador Seawater (ULSW) 
and Irminger Sea Water (ISW). Data collected during the FRidge GA13 
GEOTRACES Field Campaign. Water mass end-member properties from 
Jenkins et al. (2015), see Table 2.1.  
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Redfield Ratio, where Corg : N : P : -O2 = 117 ± 14 : 16 ± 1 : 1 : 170 ± 10, using 
GEOSECS nutrient data to infer the new Redfield Ratio directly from observations at 
multiple depth surfaces, which must include remineralised material. The N* 
conservative tracer is defined following Gruber and Sarmiento (1997), where  
The N* term is ignored in the main thermocline as the remineralization of N produced 
by nitrogen-fixers reduces the conservative behaviour of N* at depth and is therefore 
only used in waters below the thermocline.  
 
The five conservative tracers are used to identify water masses based on an optimised 
least-square fitting approach using observed tracer concentrations and water-mass 
end-member compositions (Table 2.1). Weightings are applied to each of the 
properties used in the MOMPA. In this case, weights of 160, 155, 50, 20, 10 and 150 
are used for potential temperature, salinity, silicate, P*, N* and the fractional 
contribution respectively (Jenkins et al., 2015). The purpose of adding weights to the 
parameters in MOMPA equation is to reduce dependency on terms associated with 
high errors and uncertainty in samples and end-member compositions. For instance, 
the observed variability in N* is similar to the difference between N* in Upper 
Labrador Sea Water (ULSW) and Irminger Sea Water (ISW) end-members, whereas 
the variability associated with observed potential temperature and salinity is less than 
differences in end-member compositions, hence greater weightings are applied to 
potential temperature and salinity. In the following two paragraphs, the sensitivity of 
the MOMPA to conservative tracers included and weightings applied is tested. 
 
The sensitivity of the MOMPA is first tested by gradually increasing the number of 
conservative tracers included in the analysis. In the first experiment, water masses are 
identified based on their potential temperature and salinity properties only (Figure 
2.2). General water mass structures are apparent in the initial experiment, MOW 
decreases with depth, the AAIW maxima occurs at 1000m depth, ULSW increases 
below 1000m depth and the ISW contribution decreases from 700m to 1000m depth. 
However, some unexpected features arise, such as the rapid increase in MOW from 
930m to 1000m and decrease in ISW from ~80% at 920m to ~0% at 1000m. The 
0∗ 	= 	0.87(0%3 − 	160%3 + 2.95) [2.2] 
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addition of Si to the MOMPA smooths vertical water mass structures, most notably in 
MOW between 800m and 1000m depth, throughout the AAIW profile and from 920m 
to 1300m depth in the ISW profile. The strong influence of Si in setting the AAIW 
contribution is linked to Si in the end-member composition of AAIW, which is largest 
of all water masses included in the MOMPA (Table 2.1). The addition of P* and N* 
to the MOMPA causes differences in the absolute contributions of each water mass,  
 
however general vertical structures remain consistent with MOMPA performed using 
potential temperature, salinity and Si. Overall, our results demonstrate that ULSW 
contributions may be calculated from potential temperature and salinity alone, 
however the calculation of MOW, AAIW and ISW contributions require the inclusion 
of biogeochemical conservative tracers in the MOMPA. 
 
Next, the sensitivity of the MOMPA to the choice of weighting is tested by 
recalculating the MOMPA where weightings for each conservative tracer are 
independently increased and decreased by 25% (Figure 2.3). Generally, changes to the 
weighting of conservative tracers causes differences in the detail of contribution 
profiles but does not alter the overall structure. In MOW contributions, sensitivity to 
changes in potential temperature, salinity, Si and P* is larger in the upper region of 
the profile, meaning distinguishing MOW above 1000m is more complex than below 
1000m depth. AAIW is most sensitive to changes in Si and P*, likely as Si and P* are 
distinguishing conservative tracers of AAIW. There is little change in ULSW when 
altering the weightings applied. ULSW is well identified by potential temperature and 
salinity alone, which themselves are well defined, meaning variability associated with 
biogeochemical tracers is minimal. ISW contributions are most sensitive to changes 
in the weighting P* above ~1100m depth. High sensitivity to the weightings applied 
in the MOMPA occurs where single conservative tracer is used to distinguish between 
water masses. For instance, if the end-member composition of two water masses is the 
same for four conservative tracers, the remaining tracer is used to distinguish two 
water masses. Therefore, changes to the weighting of that distinguishing tracer will 
cause large shifts in the MOMPA calculation.  
 
In Chapter 5, changes in mixing and resource fluxes around the TAG and Rainbow 
hydrothermal venting sites are studied. Here, hydrographic differences between the 
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Figure 2.3. Sensitivity of the 
MOMPA to the choice of 
weightings applied to conservative 
tracers. In each case, the weighting 
of a given tracer was increased and 
decreased by 25% while other 
weightings remained constant.  
Top to bottom, Mediterranean 
Overflow Water (MOW), 
Antarctic Intermediate Water 
(AAIW), Upper Labrador 
Seawater (ULSW) and Irminger 
Sea Water (ISW). Data collected 
during the FRidge GA13 
GEOTRACES Field Campaign. 
Water mass end-member 
properties from Jenkins et al. 
(2015), see Table 2.1.  
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two sites are discussed using conservative tracers with reference to end-member water 
mass properties (Figure 2.4). In the subtropical North Atlantic, major contributors to 
the upper water column are MOW, AAIW, ULSW and ISW. Within the depth bounds 
of interest in Chapter 5, 500m to 1500m depth, potential temperature ranges from 
5.4oC to 13.0oC at TAG and from 5.6oC to 10.2oC at Rainbow. Offsets between the 
TAG and Rainbow potential temperature-salinity distributions highlights the differing 
contributions of water masses at the two sites (Figure 2.4a). Between 5oC and 10oC, 
seawater has a higher salt content at the Rainbow site, meaning there is a stronger 
influence of more saline MOW (Figure 2.4a). Si concentrations are greater at the TAG 
site for the full potential temperature range; however, the largest silicate difference is 
located between depth and potential temperature bounds of interest (Figure 2.4b). The 
Figure 2.4. Conservative tracer properties at the TAG (red) and Rainbow 
(blue) hydrothermal vent sites. Data collected during the FRidge GA13 
GEOTRACES Field Campaign. Water mass end-member properties from 




increase in silicate is indicative of AAIW which is recognised to influence productivity 
in the low-latitude ocean (Sarmiento et al., 2004). In general, the distribution of P* 
between the two sites is similar with a slight elevation in P* at TAG from 5oC to 10oC 
water, suggesting a larger influence of AAIW or ISW which contains a high preformed 
phosphate signal in end-member properties (Figure 2.4c, Table 2.1). Large estimates 
of N* observed at TAG and Rainbow are indicative of diazotrophy in the upper ocean 
and cause the tracer to exhibit non-conservative behaviour, hence N* given minimal 
 
weighting in calculations. Between 5oC and 10oC, N* is lower at TAG, suggesting 
nitrogen-fixation plays a lesser role at TAG in the surface waters, as in underlying 
waters the N-remineralization signal is stronger at Rainbow (Figure 2.4d). In 
Figure 2.5. Hydrography along GEOTRACES section GA02 sourced from direct 
observations in the GEOTRACES 2017 Intermediate Data Product (Schlitzer et 
al., 2018) and modelled estimates from ECCO version 4 release 3 (Forget et al., 
2015, Fukumori et al., 2017). 
 29 
summary, conservative tracers are used to identify differing water mass contributions 
between the TAG and Rainbow hydrothermal sites. Vertical profiles of fractional 
water mass contributions at both sites are presented in Chapter 5. 
 
Figure 2.6. Statistical comparisons of temperature and salinity for 
GEOTRACES section GA02 sourced from direct observations in the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2018) and 
modelled estimates from ECCO version 4 release 3 (Forget et al., 2015, 
Fukumori et al., 2017). Point A marks the example location of identical datasets, 
B compares data from 0 to 100m, C from 100m to 250m and D from 250m to 
1000m. Bias shows offset in ECCO compared to GEOTRACES, for example a 
temperature bias of -0.2 shows ECCO is 0.2oC cooler than GEOTRACES for the 
given depth bin.  
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2.2.3 Comparison between GEOTRACES and ECCO hydrography 
 
As modelled mixed-layer depth estimated by ECCOv4r3 is used throughout this 
thesis, hydrographical outputs are validated against contemporaneous GEOTRACES 
observations (Figures 2.5, 2.6, 2.7, 2.8). ECCO hydrography is compared to 
GEOTRACES hydrography along the GA02 meridional section and GA03 zonal 
section as these sections are highlighted in Chapter 3 and Chapter 4 respectively. 
Temperature and salinity were extracted from monthly ECCO model output at the 
spatial and temporal location of each GEOTRACES station (Forget et al., 2015, 
Fukumori et al., 2017, Schlitzer et al., 2018).  
 
Along GA02, the distribution of temperature and salinity are well represented by the 
ECCO model (Figure 2.5). Temperature-salinity plots show ECCO accurately depicts 
water masses throughout the transect. However, there is a group of low-density waters 
with salinity below 34 psu in GEOTRACES that are not replicated in ECCO. This may 
be due to processes operating on time scales which are less than the monthly resolution 
provided by ECCO, such as sampling during heavy rainfall. At depth, there are 
temperature differences between ECCO and GEOTRACES of up to ~1 degree and 
temperature in ECCO is generally cooler than that in GA02. ECCO salinity is 
generally slightly lower compared GA02. Therefore, cooler waters are compensated 
for by reduced salinity when calculating density. The temperature correlation 
coefficient between ECCO and GA02 is greater than 0.95 in the 0 – 100m, 100m – 
250m and 250m – 1000m depth bins where ECCO is cooler by an average of 0.39oC, 
0.05oC and 0.22oC in each bin respectively (Figure 2.6). The salinity correlation 
coefficient in the 0 - 100m depth bin, 0.87, is lower than the 100m – 250m and 250m 
– 1000m bin, likely due to the low density and low salinity waters (salinity < 34 psu) 





Generally, ECCO captures hydrographic distributions along GA03 (Figure 2.7). The 
west to east rising of isotherms, isohalines and isopycnals observed in GA03 are 
replicated in ECCO. However, the temperature-salinity plots show a region 
(temperature > 17oC, salinity < 36 psu) which is not well represented by ECCO, 
located in the upper water column towards the west of the transect. Data in the most 
western stations of GA03 are around the turbulent Gulf Stream, which drives 
variability on time-scales shorter than the monthly climatology provided by ECCO, 
resulting in differences between sampled observation and modelled output. As with 
GA02, the temperature in the 0 – 100m, 100m – 250m and 250m - 1000m depth bins 
Figure 2.7. Hydrography along GEOTRACES section GA03 sourced from 
direct observations in the GEOTRACES 2017 Intermediate Data Product 
(Schlitzer et al., 2018) and modelled estimates from ECCO version 4 release 3 
(Forget et al., 2015, Fukumori et al., 2017). 
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are cooler in ECCO than observed in the GA03 section by 0.34oC, 0.06oC and 0.18oC 
respectively (Figure 2.8). The temperature correlation coefficient between ECCO and 
GA03 is greater than 0.87 in each case. In the 0m – 100m and 100m – 250m depth 
Figure 2.8. Statistical comparisons of temperature and salinity for 
GEOTRACES section GA03 sourced from direct observations in the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2018) and 
modelled estimates from ECCO version 4 release 3 (Forget et al., 2015, 
Fukumori et al., 2017). Point A marks the example location of identical 
datasets, B compares data from 0 to 100m, C from 100m to 250m and D from 
250m to 1000m. Bias shows offset in ECCO compared to GEOTRACES, for 
example a temperature bias of -0.2 shows ECCO is 0.2oC cooler than 
GEOTRACES for the given depth bin.  
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bins, salinity is higher in ECCO than GEOTRACES, with the reverse true for 250m – 
1000m (Figure 2.8). However, the correlation coefficient between ECCO and 
GEOTRACES salinity is greater than 0.88 in each vertical bin. In summary, 
hydrographic correlation coefficients between ECCO and GEOTRACES sections are 
greater than 0.87, meaning ECCO adequately captures the variability in observational 
data. However, there is a bias where water temperatures estimated by ECCO are 
generally cooler than those observed in GEOTRACES. 
  
2.2.4 Methods to Estimate Vertical Transport  
 
2.2.4.1 Helium Flux Gauge 
 
The helium flux gauge approach provides an estimate of the total physical transport, 
that is the sum of multiple process including winter-time entrainment, diapycnal 
diffusion, upwelling and mixing due to the breaking of internal waves over rough 
topography. Helium is a chemically and biologically inert noble gas and therefore 
ideal tracer to estimate physical fluxes (Jenkins, 1988). In the mixed layer, the helium 
budget consists of three source terms, (1) air injection by bubble processes, (2) the in-
situ decay of tritium and (3) vertical exchange with underlying waters (Jenkins and 
Doney, 2003). Source terms are equal to outgassing at the air-sea interface. Bubble 
processes include the full dissolution and partial dissolution of bubbles; both 
components are proportional to wind speed and temperature and inject atmospheric 
gases into the mixed layer (Emerson and Bushinsky, 2016, Liang et al., 2013). In the 
mixed layer, tritium (hydrogen-3) undergoes radioactive beta decay to produce 
helium-3 and a free electron with a half-life of 12.3 years. The air-sea exchange of 
helium is calculated as a product of wind speed and supersaturation above an 
equilibrium value based on temperature and salinity. There is a peak in helium-3 at 
around 700 m depth in the subtropical Atlantic Ocean due to mid-20th century bomb 
testing which increased atmospheric tritium abundance and subsequently equilibrated 
with the surface ocean (Jenkins, 1988, Jenkins et al., 2019). The subduction of upper 
waters in the high latitude North Atlantic and equatorward propagation combined with 
the radioactive half-life of tritium have resulted in a helium-3 signature at depth in the 
modern subtropical Atlantic (Jenkins et al., 2015). After accounting for air-injection 
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and in situ tritium decay, residual helium supersaturation in the mixed layer is due to 
the physical upward transport of deep helium. The helium flux gauge approach 
provides an estimate of mixing on weekly time scales. 
 
2.2.4.2 Vertical Microstructure Profilers  
 
Vertical Microstructure Profilers (VMPs) are freefalling apparatus which measure the 
dissipation rate of turbulent kinetic energy at meter resolution alongside temperature 
and salinity. Diapycnal mixing is estimated from VMPs by calculation of the 
buoyancy frequency, mixing ratio and the turbulent kinetic energy dissipation rate. 
The buoyancy frequency is calculated from vertical density sheer and describes a 
density anomaly which is released from rest and oscillates around the appropriate 
isopycnal. The mixing ratio is used to define the proportion of turbulent energy that 
does work against gravity (ie. mechanical mixing) compared to energy lost to 
frictional forces as turbulent eddies dissipate, typically 0.2 (Gregg et al., 2018). 
Importantly, VMPs capture an instantaneous snapshot of water column mixing rather 
than an estimate averaged over weekly time scales as provided by the helium flux 




Entrainment is the process whereby one body of water is transported across a boundary 
by turbulent mixing. In the context of the upper ocean mixed-layer, entrainment is the 
seasonal deepening of the mixed layer in winter, which causes underlying thermocline 
waters to augment mixed layer water. Differences in the shape of a tracer profile at 
the time of entrainment cause contrasting responses in mixed-layer resource stock 
(Rigby et al., 2020). In the case of a nutrient-type resource profile, which is depleted 
at the surface and increases in concentration with depth, resources in the mixed layer 
are replenished by winter-time entrainment (Figure 2.9). Conversely, surface maxima 
are eroded from scavenged-type resources in winter due to entrainment, reducing 




Tagliabue et al. (2014) formulation  
 
The formulation to calculate entrainment used in Tagliabue et al. (2014), hereafter 
T14, is applied to Fe profiles in the Southern Ocean to show that deep winter mixing 
is a key source of iron to the upper ocean in the region. The approach integrates the 
vertical nutrient profile to the winter-time mixed-layer depth, then scales the integrated 
nutrient stock by the ratio of the summer MLD and winter MLD (equation 2.1),  
 
 
where z is depth, H is the winter mixed-layer depth, [R] is the concentration of a given 
resource, and MLDmin and MLDmax are the annual minimum and maximum depths 
of the mixed layer respectively. Conceptually, this approach fully mixes the water 







































Figure 2.9. Schematic presenting the seasonal evolution of a nutrient-type and 
a scavenged-type resource profile (blue line) in response to changes in the 
mixed-layer depth (red arrow). Mixed-layer resource stock is represented by 
the red shaded area.  
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stock in the summer mixed layer. In the Southern Ocean, Fe exhibits a nutrient type 
profile, deplete in upper waters and increases with depth. A simple 1-dimensional 
model shows that the approximation of T14 is adequate when applied to nutrient type 
profiles; however, the approximation breaks down where vertical profiles exhibit a 
scavenged type profile. If a nutrient follows a scavenged type profile, the entrainment 
of thermocline waters into the mixed layer results in a reduction in mixed layer nutrient 
availability. This process is analogous to temperature, where a deepening of the MLD 
entrains underlying, cooler waters into the mixed layer, reducing the surface 
temperature. In the case of nutrient availability, entrainment applied to a scavenged 
type profile is effectively a negative flux. However, by definition, the approximation 
of T14 cannot estimate a negative flux. The approach assumes the summer mixed layer 
is depleted in nutrient stock, which is not the case for scavenged type profiles. 
Therefore, in regions such as the subtropical North Atlantic, the approach is not well 
suited for dust-derived elements such as Mn and Fe which exhibit a scavenged type 
profile. 
 
Williams et al. (2000) formulation  
 
The entrainment formulation applied in Williams et al. (2000), hereafter W00, uses 
concentration gradients and mixed layer depth changes to derive short temporal scale 
























where T represents one year (months), [R(t)]th is the thermocline mean concentration 
of a resource R (mol m-3) in month t, [R(t)]ml is the mixed layer mean concentration 
of resource N (mol m-3) in month t, H is the mixed layer thickness (m), t is the month 
and L is the Heaviside function as defined by Kraus and Turner (1967), where 
 









≷ 0 [2.3] 
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The formulation in equation [2.2] applies when the mixed layer is deepening by use 
of the Heaviside function, equation [2.3] (Kraus and Turner, 1967). Monthly 
entrainment estimates (mol m-2 s-1) are summed and divided by 12 to give an annual 
entrainment estimate. Use of the concentration gradient approach allows the 
entrainment flux to become negative, reflecting a dilution of mixed layer resource, 
meaning the formulation is valid for both nutrient and scavenged type resources. Due 
to the temporal component of this approach, monthly estimates of mixed-layer depth 
and vertical resources profiles are required. In this thesis, ECCOv4r3 is used to 
estimate the annual cycle of the mixed layer in a given location. However, monthly 
resolved trace element data remain unavailable from observational studies on an ocean 
basin scale. Ocean transects studies such as GEOTRACES provide great detail about 
large scale spatial distributions of key resources, yet do not provide repeat monthly 
measurements. To overcome this limitation, monthly resource profiles are 
reconstructed following density structure and assuming there is zero export to below 
the winter mixed layer. Monthly density structure is also sourced from ECCOv4r3 for 
consistency.  
 
1-Dimensional Evolution of the Mixed Layer 
 
A simple 1-dimensional model was developed to assess the differences between 
formulations of T14 and W00. In the model, a vertical tracer profile is homogenised 
from the surface to the mixed-layer depth. The tracer profile is initialised as a nutrient-
type (Figure 2.10) or a scavenged-type (Figure 2.11) resource. The mixed-layer 
deepens from month 1 to month 7, causing the entrainment of waters below into the 
mixed-layer. From months 8 to 12, the mixed-layer shoals and detrainment causes the 
transfer of some tracer from the mixed-layer to underlying waters. Sources and sinks 
of resources, such as biological uptake, export and regeneration, are not included in 
the idealized scenario. 
 
The evolution of the nutrient-type tracer over one year follows an expected cycle. In 
month 1, the mixed-layer tracer stock is depleted (Figure 2.10). As the mixed-layer 
deepens, tracer rich waters are entrained into the mixed-layer, gradually increasing 
mixed-layer tracer stock and concentrations. In month 7 when the mixed layer is 
deepest, tracer stock has increased to 120.5 mol m-2 and concentration increased to 
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0.4463 mol m-3. As the mixed layer shoals to month 12, the tracer concentration 
remains constant as the tracer profile is homogenised, however the tracer stock is 
reduced to 44.6296 mol m-2 due to detrainment. In summary, the annual cycle of the 
mixed layer has increased mixed layer tracer concentration by 0.4463 mol m-3 and 
mixed layer tracer stock by 44.6296 mol m-2. The implications of this process may be 
Figure 2.10. Evolution of a one-dimensional tracer (mol m-3) initialized as a 
nutrient-type resource profile (blue). Tracer is homogenized above the mixed-
layer depth (MLD, red), causing entrainment when the mixed-layer deepens 
from months 1 to 7 and detrainment from months 8 to 12. Biological and 
chemical effects are not included in this idealized model. MLD concentration 
(mol m-3) is the average tracer concentration in the mixed layer, while MLD 
stock is the integrated tracer stock (mol m-2).  
 39 
applied to the oceanographic setting by considering the example profile as typical 
nutrient-type resources such as NO3, PO4 or Cd. 
 
Entrainment calculated by W00 and T14 using the nutrient-type model (Figure 2.10) 
results in flux estimates of 96.3 mol m-2 yr-1 and 44.4 mol m-2 yr-1 respectively. 
Differences between the results is due to the inclusion of detrainment in the 
Figure 2.11. Evolution of a one-dimensional tracer (mol m-3) initialized as 
a scavenged-type resource profile (blue). Tracer is homogenized above the 
mixed-layer depth (MLD, red), causing entrainment when the mixed-layer 
deepens from months 1 to 7 and detrainment from months 8 to 12. 
Biological and chemical effects are not included in this idealized model. 
MLD concentration (mol m-3) is the average tracer concentration in the 
mixed layer, while MLD stock is the integrated tracer stock (mol m-2).  
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calculations. T14 includes detrainment by scaling the winter mixed-layer stock by the 
ratio of summer and winter mixed-layers, however, W00 does not include 
detrainment. Excluding the detrainment term allows entrainment to be calculated as a 
simple integration of a resource profile from the surface to the winter mixed-layer 
depth, which is calculated during month 7 in Figure 2.10 as 120.5 mol m-2. The 
entrainment flux calculated by W00 does not equal the winter-time stock as this 
formulation includes monthly increases in mixed-layer resource stock and calculates 
the flux using the resource gradient between the mixed layer and entrained waters.   
 
The evolution of the scavenged-type tracer is in contrast to the nutrient-type tracer 
(Figure 2.11). Initially, the mixed-layer tracer concentration is homogenised to 0.74 
mol m-3 with an integrated stock of 74.4 mol m-2. Throughout this experiment, tracer 
concentration in the mixed layer is always greater than in the underlying waters. 
Therefore, as underlying waters are entrained into the mixed layer from month 1 to 
month 7, mixed layer tracer concentration decreases. Mixed layer tracer stock 
decreases while tracer concentration remains constant during detrainment from month 
8 to month 12. In this scavenged-type tracer case, the mixed-layer cycle has reduced 
mixed layer tracer concentration by 0.35 mol m-3 and tracer stock by 34.8 mol m-2. 
The implications of this process are akin to scavenged-type resources Mn or Fe in the 
subtropical North Atlantic, meaning the annual mixed-layer cycle removes resources 
from the mixed layer, reducing resource availability. 
 
Entrainment fluxes calculated by formulations of W00 and T14 are in stark contrast 
when applied to a scavenged-type resource profile, -69.3 mol m-2 yr-1 and 39.4 mol m-
2 yr-1 respectively. Importantly, the parameterization in W00 allows for a negative flux 
as mixed-layer concentrations are diluted by the entrainment of underlying waters. A 
negative entrainment flux causes a reduction in resource availability and is analogous 
to a reduction in mixed-layer temperature as thermocline waters are entrained in 
winter. Conversely, T14 does not permit a negative flux as the approximation is an 
integration of a resource profile from the surface to the winter mixed-layer depth, 
relying on the standing stock in winter (which must be greater than or equal to zero) 
to calculate entrainment. In summary, T14 is not suitable to calculate the entrainment 
flux of scavenged-type resources.  
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Formulations applied to World Ocean Atlas Phosphate 
 
Applying both entrainment formulations to WOA PO4 is advantageous over the simple 
1-D model used in section 2.3.1.3 as monthly evolving PO4 profiles contain 
biogeochemical cycling and the subsequent monthly redistribution of PO4. Both 
formulations of entrainment, equations [2.1] and [2.2], are applied to the WOA PO4 
climatology (Figure 2.12). Density is calculated from contemporaneous WOA 
temperature and salinity using the Gibbs Seawater toolbox (TOES-10). The mixed-
layer depth is defined using the de Boyer Montégut et al., (2004) criteria, where a 
threshold value of the seawater density at 10m depth plus 0.03 kg m-3 is used to 
identify the mixed-layer depth. The entrainment formations applied here are 
comparable in the major oligotrophic gyre systems. In these regions, PO4 is depleted 
in the upper ocean and increases with depth due to regeneration, following a typical 
nutrient-type resource profile. In the Southern Ocean, there is high standing stock of 
PO4 in the mixed layer as upwelled waters are rich in regenerated macronutrients, 
meaning biota here are considered to be limited by trace elements such as Fe, Mn and 
Figure 2.12. The absolute difference in entrainment calculated from the 
formulation in Tagliabue et al., (2014) and Williams et al., (2000). Mixed-
layer depth calculated from density using the de Boyer Montégut et al., 
(2004) criterion, where density is calculated from World Ocean Atlas 
(WOA) 2018 temperature (Locarini et al., 2018) and salinity (Zweng et al., 
2018). Phosphate (PO4) is sourced from WOA 2018 (Garcia et al., 2018). 
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Co. In this case, equation [2.1] performs poorly due to the high initial standing stock 
which is not compensated for in calculating entrainment. In some regions, such as 
south of Australia, the equation [2.2] outweighs equation [2.1], indicated by blue 
colours in Figure 2.8. This is indicative of strong vertical gradients in the vertical 
profile of PO4, resulting in a large entrainment flux derived from equation [2.2] which 
relies on vertical gradients to calculate the entrainment flux. In summary, the 
formulation applied in equation [2.1] to calculate resource supply to the upper ocean 
via entrainment is representative in the specific case where a vertical resource profile 
is nutrient-type and mixed-layer stocks are depleted only. Therefore, in Chapter 3, 
equation [2.2] is used to estimate the entrainment of both nutrient-type and scavenged-




In Section 2.2.3.3, the approaches of T14 and W00 to estimate the entrainment of 
resources into the mixed layer are compared. Both formulations are applied to a simple 
one-dimensional model, for a nutrient-type resource profile and a scavenged-type 
profile, as well as monthly phosphate profiles available in WOA 2018. Results show 
that W00, equation [2.2], outperforms T14, equation [2.1], particularly when 
calculating the entrainment flux of a scavenged-type resource. Therefore, the W00 
formulation is used throughout this thesis and recommended as best practice for future 
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The fundamental role of trace elements in controlling marine productivity has been 
studied and accepted over the past few decades (eg. Sunda, 1989; Ho et al., 2003; 
Twining and Baines, 2013). However, the relative availability of key resources on a 
basin-scale had yet to be established. The first goal of this work was to synthesise 
Atlantic GEOTRACES observations of macro- and micro- nutrients to produce the first 
basin-scale geography of resource availability in the mixed layer, which included trace 
metal resources. We then investigated the role of winter-time entrainment in 
constructing large-scale patterns in resource availability. As the depth of the winter 
mixed layer was shown to play pivotal role in defining mixed-layer resource 
stoichiometry, we then explored differences in relative resource availability driven by 




• There are large scale regimes present in mixed‐layer nutrient availability 
throughout the Atlantic Ocean.  
• Entrainment decreases the mixed layer availability of resources where the 
concentration decreases with depth.  
• Variations in nutrient availability and entrainment are linked to gradients in 
resource profiles combined with the depth of mixing.  
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while Shaun J Rigby undertook the analysis with input from all co-authors. Shaun J 
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While phytoplankton play a key role in ocean biogeochemical cycles, the availability 
and supply pathways of resources that support their growth remain poorly constrained. 
Here, we show that the availability of various resources varies over several orders of 
magnitude throughout the Atlantic Ocean, causing regional contrasts in resource 
deficiency. Regional variations in the relative availability of nitrogen, phosphorus, 
silicon, iron, zinc, manganese, cobalt, and cadmium are important and result from the 
contrasts between winter mixing depths and differences in vertical profiles of the 
different resources. The winter‐time thickening of the mixed layer may replenish or 
deplete resources via entrainment, depending on the vertical nutrient profile. For 
nutrients like nitrate, phosphate, and cadmium, entrainment is a consistent source 
term. While for others, such as manganese and iron, entrainment can reduce ocean 
resource availability, particularly in subtropical regions. We apply a nitrogen-iron 
relationship to winter mixed-layer resource stocks and infer singular nitrogen 
limitation in low latitudes, co- and secondary-limitation in mid latitudes and singular 
iron limitation in high latitudes. The role of iron limitation in high latitudes suggests 
that high latitude iron availability may exert a remote influence over low latitude 
biogeochemistry, particularly if concurrent results are found at deep water formation 
sites such as the Labrador Sea during future studies. Finally, we show that any future 
change to the depth of winter‐time mixing will cause region‐specific changes in 





The growth and biomass accumulation of marine phytoplankton are key determinants 
of ocean biogeochemical cycles and the operation of the ocean carbon cycle. One key 
factor affecting the large scale distribution of marine phytoplankton in the sunlit upper 
ocean is the difference between the availability of nutrient and trace metal resources 
and biological demands (Martin and Fitzwater, 1988, Moore et al., 2013, Moore, 
2016). Primary production and other cellular functions require a range of resources, 
including the macronutrients nitrogen (N), phosphorus (P), and silicon (Si, for diatoms 
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and some dinoflagellates), as well as micronutrient trace metals such as iron (Fe), zinc 
(Zn), manganese (Mn), cadmium (Cd), and cobalt (Co) (Sunda, 1989, Price and Morel, 
1990, Ludwig and Matthews, 1997, Falkowski et al., 1998, Morel and Price, 2003, 
Rodionov et al., 2003, Twining and Baines, 2013). The upper mixed layer is the key 
growth environment for marine phytoplankton and where biota thrive given sufficient 
resource availability. Changes in the resource supply are often invoked as a driver of 
variability in phytoplankton growth and primary production (Marra et al., 1990, Okin 
et al., 2011, Lampe et al., 2019).  
 
The vertical profiles of different resources are known to vary both spatially and 
between resources (Tagliabue, 2019), driving large‐scale patterns in availability of 
various resources (Moore, 2016). The shape of resource profiles is influenced by 
biogeochemical and physical processes. Biological consumption removes resources 
from the upper water column, organic particles then sink and resources are released 
back into the water column at depth through resupply processes such as 
remineralization (Twining et al., 2014). The combination of removal in surface waters 
and resupply at depths forms gradients in the vertical profiles of key resources, with 
the strongest vertical gradient known as the nutricline (Tagliabue et al., 2014, Omand 
and Mahadevan, 2015). The reservoir of resources below the nutricline is accessed by 
the seasonal deepening of the mixed layer. Thus, the relative positioning of multiple 
nutriclines determines the availability of different resources to phytoplankton. For 
instance, where the mixed layer extends below the N‐nutricline (nitracline) but fails 
to access below the P‐nutricline (phosphocline), the upper mixed layer will be 
enriched in N relative to P. We do not understand how spatial variations in upper ocean 
mixing depths and vertical resource profiles shape the availability of different 
resources on an ocean basin scale.  
 
The availability of different resources is a crucial determinant of phytoplankton 
growth. Biological communities become deficient in a given resource if its availability 
is lower than the biological demand. In the Atlantic Ocean, high latitudes are 
considered as Fe deficient, low to mid‐latitudes are N deficient, and the North Atlantic 
sub‐tropical gyre as P deficient (Mills et al., 2004, Nielsdottir et al., 2009, Moore, 
2016, Browning et al., 2017a). Deficiency leads to limitation following biological 
consumption and is intensified if the resource supply to the growth environment is low 
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in the deficient resource (Moore, 2016). For instance, using shipboard bioassay 
experiments in the South Atlantic, Browning et al. (2017a) found that evidence of 
singular limitation (where one resource only limits), serial limitation (or secondary 
limitation, where a second resource becomes limiting after the supply of the first), or 
colimitation by Fe and N could be explained by the relative availability of N and Fe. 
Resource limitation is alleviated by the supply of the exhausted resource, irrespective 
of other resources; however, resource deficiency is reduced when the supply is 
abundant in the deficient resource relative to other resources. If the future ocean 
becomes more stratified (Sen Gupta et al., 2009, Bopp et al., 2001) with reduced upper 
ocean mixing depths, or mixed layers vary interannually (Holte et al., 2017), then any 
subsequent impact on the relative availability of resources may affect resource 
deficiency and biological communities.  
 
Resources are delivered to the upper ocean via atmospheric processes and physical 
ocean processes. Lithogenic (Jickells et al., 2005) and anthropogenic (Conway et al., 
2019) particles can be transported across the ocean by winds, then deposited at the air‐
sea interface via dry and wet deposition processes. A range of physical ocean 
processes transport dissolved resources to the upper ocean (Williams and Follows, 
2003a), such as upwelling (Oschlies, 2002), lateral advection (Williams et al., 2006), 
vertical turbulence (Martin et al., 2010), diapycnal mixing (Tuerena et al., 2019), 
diapycnal diffusion (Rijkenberg et al., 2012, Painter et al., 2014), and eddies (Conway 
et al., 2018). Here, we focus on the role of deep winter mixing since the entrainment 
of underlying waters has been shown to be fundamental in the delivery of resources to 
mixed‐layer phytoplankton (Williams et al., 2000, Tagliabue et al., 2014, Achterberg 
et al., 2018).  
 
Resource availability is altered by entrainment redistributing thermocline waters 
throughout the seasonal mixed layer. Underlying thermocline waters can be rich in a 
given resource due to resupply processes; how- ever, these waters can also be deplete 
in a given resource due to interior ocean removal processes such as particle 
scavenging. The magnitude of the entrainment input to the mixed layer is determined 
by the volume of water entrained and the contrast in resource concentration from the 
mixed layer to underlying waters (Williams et al., 2000). Therefore, variability in the 
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entrainment flux will likely occur in response to spatial variation in resource profiles 
and the depth of seasonal mixing.  
 
Here, we use observations of multiple resources and their vertical profiles to explore 
basin scale patterns of resource availability in the mixed layer. Differences in resource 
availability are attributed to offsets in vertical profiles between each resource, most 
important is the depth of the nutricline. The GEOTRACES program has delivered a 
wealth of observations which reveal the array of vertical resource profiles present in 
the Atlantic Ocean, permitting a large scale analysis of entrainment for multiple 
resources (Schlitzer et al., 2018). We analyse the role of entrainment in either 
delivering or diluting resources in the seasonal mixed layer and the subsequent effect 
on resource availability. Finally, we speculate on changes to mixed‐layer resource 
availability in a warmer climate and the future role of entrainment in biogeochemical 
cycling.  
 
3.3 Methods  
 
3.3.1 Datasets  
 
Observational data of nitrate (NO3), phosphate (PO4), Si, Fe, Zn, Mn, Cd, and Co were 
extracted from the 2017 GEOTRACES Intermediate Data Product (Schlitzer et al., 
2018). Only GEOTRACES datapoints with “good” data quality flags were included 
(Figure 3.1). Monthly mean temperature, salinity, and mixed‐layer depths were 
extracted from the 1° × 1° resolution ECCO circulation model (version 4, release 3), 
full period 1992–2015 (Figure 3.1 and Figure 3.2) (Forget et al., 2015, Fukumori et 
al., 2017).  
 
Vertical profiles are presented in Longhurst Provinces (Longhurst, 2007), where 21 
provinces were aggregated into five provinces throughout the Atlantic based on 
underlying biogeochemistry (Figure 3.3). The North Atlantic subpolar gyre (capped 
at 65°N due to data limitations) is composed of the Atlantic Arctic, Atlantic Subarctic, 
Northwest Atlantic Shelves (North of 45°N), and North Atlantic Drift provinces. The 
North Atlantic subtropical gyre is composed of North Atlantic Subtropical Gyral, Gulf 
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Stream, and Northwest Atlantic (South of 45°N) provinces. The equatorial Atlantic is 
composed of the Caribbean, North Atlantic Tropical Gyral, Eastern (Canary) Coastal, 
Western Tropical Atlantic Eastern Topical Atlantic, Guinea Current Coastal, and 
Guianas Coastal provinces. The South Atlantic subtropical gyre province is composed 
of the Brazil Current Coastal, South Atlantic Gyral, and Benguela Current Coastal 
provinces. The Southern Ocean province is composed of the Southwest Atlantic 
Shelves, South Subtropical Convergence, Subantarctic Water Ring, Antarctic, and 
Austral Polar provinces. This aggregated province approach better suits the limited 
spatial distribution of shipboard measurements available from GEOTRACES. The 
nutricline for each resource is defined as the depth in the upper 500 m where the 
Figure 3.1. Monthly mean maximum mixed‐layer depth (white–purple, in m) 
for the period 1992–2015 as reported in Estimating the Climate and 
Circulation of the Ocean version 4 release 3 (Forget et al., 2015; Fukumori et 
al., 2017). Overlaid, maximum number of observations (brown–yellow) 
available at a single station in 5 × 5 degree grid cells (from nitrate, phosphate, 
silica, iron, zinc, manganese, cadmium, and cobalt), biogeochemical data from 
the 2017 GEOTRACES Intermediate Data Product (Schlitzer et al., 2018). 




gradient of a given resource is maximum (d[R]/dzmax, where [R] is a resource 
concentration and z is depth).  
 
3.3.2 Winter Mixed‐Layer Resource Availability  
 
Due to the spatial and temporal limitations of the observational GEOTRACES data set, 
monthly profiles of each resource were constructed using temperature and salinity 
derived density profiles from ECCO. Density is calculated at each location in the 
GEOTRACES data set from shipboard temperature and salinity observations. On a 
profile‐by‐profile basis, the observational relationship between density and each 
resource was applied to monthly density structures at the corresponding latitude and 
longitude. This approach assumes resource concentrations are conserved on 
isopycnals, meaning biogeochemical processes are invariable from the time of 
observation through to winter.  
 
The winter mixed‐layer resource availability is calculated by integrating reconstructed 
winter resource pro- files from the surface to the maximum annual mixed‐layer depth 
reported in the ECCO model, equation (1).  
Figure 3.2. (a) minimum (m), and (b) ratio of minimum to maximum, annual 
mixed layer depths for the period 1992 – 2015 as reported in Estimating the 
Climate and Circulation of the Ocean version 4 release 3 (Forget et al., 2015, 











where z is depth, H is mixed‐layer thickness, and R is a given resource concentration. 
Vertical profiles were required to contain a minimum of two observations in the mixed 
layer. Profiles were linearly interpolated to meter resolution. The mean value of 
measurements was taken where multiple observations were available within 1 m. 
From the surface to the shallowest observation, resource concentrations were set to 
equal the shallowest observation. Resource concentrations were set to zero where 
concentrations were below zero as a feature of interpolation.  
 
3.3.3 Entrainment Calculation  
 
The entrainment flux is diagnosed from equation (2) using the mixed‐layer 
thickening and nutrient profiles on a monthly timescale (Williams et al., 2000).  
 














where T represents 1 year (months), [R(t)]th is the thermocline mean concentration of 
a resource R (mol m-3) in month t, [R(t)]ml is the mixed layer mean concentration of  
Figure 3.3. Biogeochemical 
provinces used throughout this study, 
ASP (North Atlantic sub-polar gyre), 
NAS (North Atlantic sub-tropical 
gyre), EQA (Equatorial Atlantic), 
SAS (South Atlantic sub-tropical) 
and SOC (Southern Ocean). 
Aggregated from Longhurst 










































































































































































































































































resource N (mol m-3) in month t and Λ is the Heaviside function as defined by Kraus 
and Turner (1967), where  










Entrainment occurs when the mixed layer deepens, such as in winter or due to 
enhanced convection in other seasons (e.g., storms in summer).  
3.4 Results  
3.4.1 Upper Ocean Resource Profiles  
The vertical profile of a given resource reflects the resource availability throughout 
the water column (Figures 3.4 and 3.5). Any differences between the vertical profiles 
of individual resources may be caused by differences in their associated 
biogeochemical cycles. Further, there is a spatial variability in the vertical pro- files 
of a single resource due to regional variations in the underlying processes.  
3.4.1.1 Nutrient Type Profiles  
Nutrient‐type resources, such as NO3, PO4, Si, Cd, and Zn display a consistent 
depletion at the surface due to biological uptake, which is accompanied by increasing 
concentrations with depth due to either the resupply from the remineralization of 
sinking particles (Tagliabue, 2019) or the transport of nutrient‐rich deep water which 
has received particles upstream (Middag et al., 2018, Middag et al., 2019).  
NO3 and PO4 display a nutrient‐type profile throughout the Atlantic as concentrations 
increase with depth in all provinces (Figures 3.4a and 3.4b) (Rijkenberg et al., 2014, 
Tuerena et al., 2015). The Atlantic Ocean median surface NO3 and PO4 concentrations 
are 12 and 0.6 μmol kg-1, increasing to 28 and 2 μmol kg-1, respectively, at a depth of 
500 m (Figure 3.4a). There is complete surface depletion in the North Atlantic 
subtropical gyre, equatorial Atlantic, and South Atlantic gyre, where NO3 
concentrations are below detection limits. However, in the Atlantic subpolar gyre and 
Southern Ocean, surface NO3 stocks are not fully exhausted. The Atlantic lower 
quartile is near zero at the surface, meaning at least 25% of the Atlantic surface  
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Figure 3.5. Vertical profiles of multiple elements in the Atlantic Ocean, median (black) 
and lower quartile and upper quartile (grey). Separated into biogeochemical provinces: 
Atlantic sub-polar gyre (ASP), North Atlantic subtropical gyre (NAS), equatorial 
Atlantic (EQA), South Atlantic subtropical gyre (SAS) and the Southern Ocean (SOC). 






observations are deplete in NO3. The depth at which NO3 concentrations increase 
ranges from around 40 m in the North Atlantic subtropical gyre to around 100 m in 
the equatorial Atlantic. Although many of these features are similar for PO4, there are 
some key differences in their distributions (Figure 3.4b). For instance, the Atlantic 
lower‐quartile PO4 concentration remains greater than zero throughout the water 
column, meaning less than 25% of observations are deplete in PO4. Further, in the 
equatorial Atlantic, the depth at which concentrations increase is around 25 m 
shallower for PO4 than NO3.  
The distribution of Cd is similar to that of macronutrients NO3 and PO4 (Figure 3.4c) 
(Boye et al., 2012, Conway and John, 2015, Middag et al., 2019). Cd increases from 
near zero values in the surface to appreciable concentrations at 500 m, typical of a 
nutrient‐type profile. In the low latitude provinces, Cd concentrations are depleted 
from the surface to ~100 m depth. Similar to NO3 and PO4, the median surface ocean 
concentration of Cd is only greater than zero in the high latitude provinces, where 
surface stocks are not fully exhausted. The accumulation of Cd in low latitudes tends 
to occur deeper in the water column than that of NO3 and PO4. The increase in Cd 
concentration at depth is largest in the equatorial Atlantic and weakest in the North 
Atlantic subtropical gyre. The greatest Cd concentrations are located in the Southern 
Ocean, which are approximately one order of magnitude larger than those in the North 
Atlantic subtropical gyre where the lowest Cd concentrations are found. In high 
latitudes, the vertical structure of Cd shows little variation between 250 and 500 m 
compared to the mid‐low latitude provinces. Trace element resources exhibiting 
nutrient-type profiles have long residence times compared to hybrid and scavenged 
type resources (Bruland and Lohan, 2003). Cd has the longest residence time, 
~500,000 years, of trace elements included in this study (Hem, 1985). 
The vertical profile of Si also follows a nutrient‐type profile (Figure 3.4d) (Conway 
and John, 2014, Middag et al., 2019). The Atlantic median Si profile increases from 
near zero in the surface to 18 μmol kg-1 at 500 m depth. Si concentrations are below 
detection limits in the South Atlantic subtropical gyre and equatorial Atlantic. Surface 
depletion of Si occurs in all provinces as surface concentrations are lower than those 
at depth. The lowest water column Si concentrations are located at the surface in the 
North Atlantic subtropical gyre, where Si concentrations show the weakest vertical 
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increase. The largest increase in Si from the surface to 500 m occurs in the equatorial 
Atlantic, due to the influence of Si‐rich waters laterally transported from the Southern 
Ocean (Sarmiento et al., 2004). Si concentrations are an order of magnitude higher in 
the Southern Ocean than any other province. Si accumulates deeper in the water 
column than NO3 and PO4 due to the noted longer regeneration length scale of Si 
(Holzer et al., 2014) and has a residence time of 8,000 years (Hem, 1985).  
The broad distribution of Zn is known to be similar to Si, with both exhibiting a 
nutrient‐type profile (Figure 3.4e) (Conway and John, 2014, Croot et al., 2011, Wyatt 
et al., 2014). In general, Zn stocks are depleted in the upper waters relative to those at 
depth and then increase to 500 m depth, with the largest Zn concentrations at each 
depth level found in the Southern Ocean. There is little increase in either Si or Zn 
concentrations vertically due to the large remineralization length scale of Si which 
releases Si into deep waters and reversible scavenging of Zn which transfers 
remineralized Zn from intermediate depths to deep waters (Bruland, 1980, Weber et 
al., 2018). There are some differences in the vertical profiles of Si and Zn, with 
subsurface minima in Zn profiles (e.g., in the tropics) and a smaller increase in Zn 
with depth than Si in the Atlantic subpolar gyre. The residence time of Zn, ~180,000 
years (Hem, 1985) is less than that of Cd, meaning the recycling of Zn is faster than 
Cd. 
3.4.1.2 Hybrid and Scavenged Profiles  
Hybrid resources, such as Fe and Co, display a combination of both nutrient‐type and 
scavenged‐type characteristics (Tagliabue, 2019). Hybrid profiles are typically 
depleted at the surface due to biological uptake and concentrations increase with depth 
due to remineralization before decreasing again as scavenging becomes dominant. 
Scavenged‐type resources, such as Mn, exhibit a surface maxima, usually due to 
resource inputs, followed by an exponential decline with depth due to scavenging onto 
sinking particles.  
Co displays a hybrid profile throughout the Atlantic, exhibiting a nutrient‐type profile 
above ~500 m and scavenged‐type profile deeper in the water column (Noble et al., 
2012, Dulaquais et al., 2014). The Atlantic median Co profile shows concentrations 
are low in the upper 20 m and increase with depth over the upper 500 m, indicative of 
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a nutrient‐type profile (Figure 3.4f). Incomplete surface depletion of Co (relative to 
100 – 500 m) occurs in each province, excluding the Atlantic subpolar gyre. In the 
Atlantic subpolar gyre, Co shows little variation with depth compared to other 
provinces. The highest Co concentrations are located in the equatorial Atlantic at a 
subsurface maxima (0.08 nmol kg-1) at 300 m. The vertical profile of Co in the South 
Atlantic gyre displays a decrease in Co concentration to a subsurface minima at 40 m. 
The cycling of Co in the ocean is quicker than that of Cd and Zn, typical Co residence 
times are ~18,000 years (Hem, 1985). Overall, there is little large‐scale spatial 
variability in the vertical distribution of Co as median Co concentrations reported for 
each individual province fall between the full Atlantic interquartile range (excluding 
the upper 100 m in the Atlantic subpolar gyre).  
Fe shows a mix of both scavenged‐type and nutrient‐type behaviour in different 
regions (Figure 3.4g) (Klunder et al., 2011, Rijkenberg et al., 2014, Hatta et al., 2015). 
There is a surface depletion of Fe in the Atlantic subpolar gyre and Southern Ocean, 
likely due to biological consumption and the lack of dust input at the air‐sea interface. 
Conversely, in the North Atlantic subtropical gyre, equatorial Atlantic and South 
Atlantic gyre, the surface ocean is moderately enriched in Fe. Surface maxima due to 
dust inputs (Shelley et al., 2018) and subsurface minima in response to consumption 
at the subsurface chlorophyll maximum (Twining et al., 2015) are present in the North 
Atlantic subtropical gyre and equatorial Atlantic, indicative of a scavenged‐type 
resource. However, below 100 m, Fe expresses consistent nutrient‐type behaviour in 
all provinces as concentrations increase due to the remineralization of sinking 
particles. The residence time of Fe, ~140 years (Hem, 1985), is the shortest of trace 
elements included in this study, highlighting the rapid cycling of Fe within the ocean 
interior.  
Mn shows a generally scavenged profile (Figure 3.4h), with a clear surface enrichment 
in all provinces, excluding the Southern Ocean (Middag et al., 2011, Boye et al., 2012, 
Noble et al., 2012). The median vertical profile of Mn decreases from surface maxima 
to a consistent lower level of around 0.2 nmol kg-1 at 500 m. Elevated surface stocks 
are most apparent in the equatorial Atlantic. Across the low latitude regions, dust 
inputs and the photochemical reduction of manganese oxides to soluble dissolved Mn 
(II) causes elevated surface concentrations which then decrease vertically (Jickells et 
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al., 2005, van Hulten et al., 2017, Shelley et al., 2018). The lowest Mn concentrations 
are located in the Southern Ocean, where the Mn concentration remains relatively 
uniform over the upper 500 m. Finally, Mn residence times in the ocean interior are 
~1,400 years (Hem, 1985), demonstrating that the cycling of Mn is slower than that of 
Fe, however is notably faster than that of nutrient-type trace elements Cd and Zn. 
3.4.2 Vertical Position of Nutriclines  
In the following, we focus on the western Atlantic GEOTRACES section (GA02, 
Figure 3.1) to examine how nutricline depths vary as a function of latitude across 
different resources (Figure 3.6). Detailed maps of nutricline depths and offsets 
between the nutricline depth and winter mixed‐layer depth are referred to below and 
available in Figures 3.7, 3.8, and 3.9.  
There is a clear latitudinal structure in the depth of the nitracline, phosphocline, and 
Cd‐nutricline along the GA02 meridional section (Figure 3.6a). For each resource, the 
nutricline undulates systematically between the poles and the equator, being deepest 
in the subtropical gyres and shallowest in the Southern Ocean, North Atlantic and 
Equatorial Atlantic. The deepening of nutriclines in the subtropical gyres is 
particularly pronounced for Cd, which can be twice as deep as NO3 and PO4, while 
the phosphocline is deeper than the nitracline only in the low PO4 North Atlantic 
subtropical gyre. It is only south of 40°S and north of 40°N that the winter mixed‐
layer depth is deeper than all three nutriclines, indicating high mixed‐layer stocks and 
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The Si‐ and Zn‐nutriclines show a similar large‐scale pattern to the nitracline and 
phosphocline along GA02 (Figure 3.6b). However, the latitudinal undulations in the 
Si and Zn nutriclines are around two‐fold more pronounced, likely due to the noted 
longer remineralization length scale of Si and transfer of remineralized Zn to deep 
waters by reversible scavenging (Holzer et al., 2014; Weber et al., 2018). The Si‐ 
and Zn‐nutriclines are deeper than the winter mixed‐layer depth from 30°S to 30°N, 
indicating low mixed‐layer stocks and small entrainment inputs in this latitude band, 
while the Zn‐nutricline is only shallower than the winter mixed‐layer depth in high 
latitudes and at 30°N. As a consequence, the winter‐mixed layer is replete in both Si 
and Zn at high latitudes only.  
The latitudinal structures of the Co‐nutricline, ferricline, and Mn‐nutricline are 
notably different to those of nutrient‐type resources (Figure 3.6c). Their large‐scale 
patterns show little variation in the depths of the Co nutricline and ferricline, which 
do not extend below 200 m. The Mn nutricline does not extend below 200 m in the 
South Atlantic; however, in the subtropical North Atlantic, the Mn nutricline extends 
to ~400 m before shoaling towards the subpolar gyre. From 50°S to 30°S and north of 
Figure 3.6. Depths of the (a) nitracline (dN/dzmax, black solid line), 
phosphocline (dP/dzmax, dark green dashed line), Cd‐nutricline (dCd/dzmax, 
turquoise dotted line); (b) Si‐nutricline (dSi/dzmax, purple solid line), Zn‐
nutricline (dZn/dzmax, pink dashed line) and (c) Co‐nutricline (dCo/dzmax, 
maroon solid line), ferricline (dFe/dzmax, dashed red line) and Mn‐nutricline 
(dMn/dzmax, yellow dotted line). Shaded region is the depth over which water 
is entrained into the mixed layer from the minimum mixed‐layer thickness, 
Hmin, to the maximum mixed‐layer thickness in winter, Hmax. Nutricline 
depths, Hmin and Hmax are 10° zonal median values from Atlantic Ocean 
observations. Physical model data from ECCOv4r3 (Forget et al., 2015; 
Fukumori et al., 2017). Errorbars represent upper and lower quartile nutricline 
depths in each 10° zonal limit. Biogeochemical data from the western Atlantic 
(GA02) GEOTRACES cruise, (indicated in Figure 1) available in the 2017 




40°N, each nutricline resides above the winter mixed‐layer depth, meaning mixed‐
layer resource stocks are replenished in winter months. At low latitudes, the nutricline 
of each resource is deeper than the depth attained by winter mixing, driving low 








Figure 3.7: Depths (m) of the nutricline (d[N]/dzmax, where [N] is the 
concentration of a given resource) for multiple elements. Biogeochemical data 
from the 2017 GEOTRACES Intermediate data product (Schlitzer et al., 2018). 
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in the vertical profiles of Fe and Mn causing high mixed‐layer Fe and Mn stocks 
(Figures 3.4g and 3.4h).  
The offset between the winter‐mixed layer and nutricline depth varies strongly with 
latitude, evidenced by the meridional GEOTRACES transect GA02 along the western 
margin (Figures 3.1 and 3.6). However, there are also notable longitudinal variations 
(Figures 3.7, 3.8 and 3.9). For example, from west to east in the tropical South 
Atlantic, observations move into the Benguela upwelling zone, which causes the   
NO3‐, PO4‐, and Si‐nutricline to shallow by ~100 m (Figures 3.9a, 3.9b, and 3.9d). 
Unlike the western side of the basin, the winter mixed‐layer nears the NO3‐, PO4‐, and 
Si‐ nutriclines within the Benguela upwelling region (Figures 3.8a, 3.9a, and 3.9c). 
This transition across the tropical South Atlantic is reversed when considering Mn, 
which has a deeper nutricline within the Benguela upwelling (Figure 3.9f). We find a 
further transition along 40°S, where the mixed layer penetrates ~250 m deeper than 
the NO3‐, PO4‐, Co‐, and Mn‐nutriclines in the open ocean. However, the offset is 
reduced to ~50 m towards coastal regions (Figures 3.8a, 3.9a, 3.9e, and 3.9f).  
Figure 3.8. Difference (m) between the maximum mixed‐layer depth (MLD 
max) and the nutricline depth (d[N]/dzmax, where [N] is the concentration of 
a given resource) for (a) nitrate and (b) iron. Biogeochemical data from the 
2017 GEOTRACES Intermediate data product (Schlitzer et al., 2018), Mixed‐





























































































































Figure 3.9: Difference (m) between the maximum mixed-layer depth (MLD max) and 
the nutricline depth (d[N]/dzmax, where [N] is the concentration of a given resource) for 
multiple elements. Biogeochemical data from the 2017 GEOTRACES Intermediate data 
product (Schlitzer et al., 2018), Mixed-layer depth defined by ECCOv4b (Forget et al., 
2015, Fukumori et al., 2017). 
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In contrast, longitudinal changes in the nutricline depth and offsets with the mixed‐
layer depth are less apparent in the subtropical North Atlantic. In the Southern Ocean, 
south of 50°S, the ferricline resides below the winter mixed‐layer depth, meaning that 
there is low Fe in the mixed layer and little Fe input from winter‐time mixing (Figure 
3.8b). The general pattern in the ferricline depth shows relatively little spatial structure 
in absolute depth (Figure 3.7g), but is known to be well structured in an isopycnal 
context (Tagliabue et al., 2014).  
3.4.3 Mixed‐Layer Resource Availability  
The winter mixed‐layer depth varies throughout the Atlantic Ocean, from up to ~1,000 
m at high latitudes to ~30 m in the subtropical South Atlantic (Figure 3.1). The winter 
mixed‐layer depth coupled with the vertical distributions of each resource governs the 
basin‐scale patterns in resource availability (Figure 3.10). Due to the challenges 
presented by ocean sampling during winter, particularly in the harsh Southern Ocean, 
observations of resource concentrations contemporaneous with the winter mixed‐layer 
depth are not often available. Observed resource profiles are projected to the time of 
the deepest mixed layer by assuming there is no loss to below the winter mixed layer. 
Biological uptake and subsequent remineralization effectively redistribute resources 
within the winter mixed layer; however, the integrated stock of a given resource in the 
winter mixed layer remains unchanged. The patterns we describe here are robust when 
resource stoichiometry is recalculated relative to NO3 instead of PO4 (Figure 3.11).  
 3.4.3.1 NO3/PO4 and Cd/PO4  
Generally, the availability of NO3, relative to PO4, is high in subpolar regions and 
lowest in the tropics, with enhanced NO3 levels relative to PO4 in upwelling regions 
(Figure 3.10a). The principle driver in the latitudinal structure observed is the 
relationship between the nitracline, phosphocline, and the winter mixed‐layer depth 
(Figures 3.6a, 3.8a, and 3.9a). For instance, in the North Atlantic subpolar gyre, the 
deep mixed layers are able to access large subsurface NO3 and PO4 stocks resulting in 
substantial reserves of the two macronutrients in the mixed layer. In the Southern 
Ocean and North Atlantic, high standing stocks of NO3 and PO4 cause a near Redfield 
NO3/PO4 value (Redfield, 1934), irrespective of the mixed‐layer depth. Spatial 




column relative to the mixed‐layer depth, exemplified in the tropical latitudes south 
of the equator where NO3/PO4 is higher in the east (10.9) and lower in the west (0.3; 
Figures 3.8a, 3.9a, and 3.10a). Cd/PO4 shows a broadly similar distribution to 
NO3/PO4, driven by similarities in their vertical profiles (Figures 3.4a and 3.4c).  
3.4.3.2 Si/PO4 and Zn/PO4  
Si/PO4 and Zn/PO4 are broadly comparable to the nutrient‐type distribution of 
NO3/PO4, as the Southern Ocean is replete in both Si and Zn and both elements are 
scarce at low latitudes (Figures 3.10c and 3.10d). Like NO3/PO4, elevated Si/PO4 and 
Zn/PO4 conditions found in the Southern Ocean are induced by high Si standing stocks 
in upper waters which are supplied by the upwelling of nutrient‐rich deep waters 
(Figures 3.4d, 3.4e, 3.9c, and 3.9d). Severe depletion of PO4 in the subtropical North 
Atlantic means that both Si/PO4 and Zn/PO4 are greatest here, despite low Si and Zn 
standing stocks compared to the Southern Ocean. The distribution of Zn/PO4 is similar 
to that of Si/PO4 (Figures 3.10d and 3.10e).  
3.4.3.3 Co/PO4, Fe/PO4, and Mn/PO4  
The large‐scale distributions of Co/PO4, Fe/PO4, and Mn/PO4 are different to those 
resources that have a nutrient‐type distribution (Figures 3.10e, 3.10g). High latitudes 
are depleted in Co, Fe, and Mn relative to PO4, while low latitudes are at least five‐
fold more replete in Co, Fe, and Mn. Dust input and low standing stocks of nutrient‐
like elements drive elevated availability of Co, Fe, and Mn at low latitudes. Co stocks 
may be enhanced where mixed layers overlay oxygen depleted zones due to the greater 
residence time of dissolved Co in low oxygen conditions (Hawco et al., 2016)  
Figure 3.10. Resource ratios of depth integrated profiles obtained from the 
GEOTRACES 2017 IDP (Schlitzer et al., 2018). Ordered by nutrient type to 
scavenged-type resource (see text). Profiles integrated to the maximum depth 
reached by the mixed layer over 1 year, as defined by ECCOv4r3 (Forget et 
al., 2015; Fukumori et al., 2017). (a, c) mol mol-1, (b, e–g) mmol mol-1. 
Calculations were completed on a profile by profile basis, displayed in 5 × 5 














(Tagliabue et al., 2018). In the Southern Ocean, subsurface Fe stocks are deeper than 
winter mixing levels (Tagliabue et al., 2014), which results in low mixed‐layer Fe/PO4 
(Figures 3.6b and 3.10f). In contrast, upper mixed layers are richer in Fe in the North 
Atlantic subtropical gyre (Sedwick et al., 2005), which increases mixed‐layer Fe/PO4 
throughout this region (Figure 3.10f). There is an increase in Fe/PO4 in the western 
Atlantic around 35°S which is attributed to the offshore export of Fe‐rich Brazilian 
shelf water (Rijkenberg et al., 2014).  
Finally, mixed‐layer Mn/PO4 is relatively high throughout the tropics due to both the 
drawdown of PO4 and enhanced mixed‐layer Mn levels arising from dust input and 
maintenance of surface dissolved Mn by photoreduction (Figure 3.10g) (Sunda et al., 
1983, Jickells et al., 2005, Mahowald et al., 2005). The Mn/PO4 ratio also decreases 
towards polar regions, and as this element is also elevated in low oxygen waters, it 
tends to exhibit an increasing availability in mixed layers overlying the western 
oxygen depleted zones (Figure 3.10g).  
3.4.3.4 Ranking the Availability of Nutrient‐Type and Scavenged‐Type 
Resources  
The variability in vertical profiles discussed in sections 3.1 and 3.2 generates a 
progressive transition from nutrient‐type to scavenged‐type profiles, which varies 
between resources. We use a correlation approach to rank each resource between two 
end‐member resources: nutrient‐type nitrate and scavenged‐type manganese. The 
ranking is performed on the Atlantic integrated resource stocks in the winter mixed 
layer of each resource relative to phosphate, as phosphate is a well sampled 
macronutrient that avoids interactions with the nitrogen cycle (Figure 3.10). We then 
rank resource on a continuum between NO3/PO4 and Mn/PO4, (Series [1], Table S3.1).  
Figure 3.11. Elemental stoichiometry of depth integrated resource profiles 
obtained from the GEOTRACES 2017 IDP (Schlitzer et al., 2018). Profiles 
integrated to the maximum depth reached by the mixed layer over one year, 
as defined by ECCOv4b (Forget et al., 2015, Fukumori et al., 2017). (a, c) mol 
mol-1, (b, d-g) mmol mol-1. Calculations were completed on a profile by 
profile basis, placed in 5 x 5 degree bins and median reported above.  
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 NO3/PO4 Mn/PO4 Difference 
NO3/PO4 1 -0.45 1.45 
Cd/PO4 0.58 -0.36 0.94 
Si/PO4 0.22 0.12 0.10 
Zn/PO4 -0.03 0.44 -0.47 
Co/PO4 -0.11 0.90 -1.01 
Fe/PO4 -0.34 0.92 -1.26 
Mn/PO4 -0.45 1 -1.45 
The ranking in Series [1] reveals Cd/PO4 is most comparable to NO3/PO4 for the full 
Atlantic data set, likely due to the noted similarities in the biogeochemical cycling of 
Cd and NO3 (Bruland, 1980). Next in the series is Si/PO4 and Zn/PO4. The input of Si 
and Zn to the upper ocean from atmospheric deposition and rivers is analogous; 
further, both undergo remineralization deep in the water column and hence dis- play 
comparable profiles (Bruland, 1980). Si and Zn are likely decoupled in Series [1] as 
reversible scavenging influences Zn only (Weber et al., 2018). Finally, Co/PO4 and 
Fe/PO4 are most similar to Mn/PO4. Dust is a major input of Co, Fe, and Mn (Jickells 
et al., 2016) causing elevated surface concentrations akin to scavenged‐type profiles; 
however, the trace elements are differentially sensitive to oxygen causing variations 
in the associated vertical profiles (Rijkenberg et al., 2012, van Hulten et al., 2017, 
Tagliabue et al., 2018).  
 The combination of (i) marked variability in the vertical profiles of different 
resources, (ii) resource‐specific nutricline depths, and (iii) regional variations in the 
depth of winter mixing drives substantial variability in resource availability for marine 
microbes created across the Atlantic Ocean. This variability arises from the transition 
of different resources from exhibiting nutrient‐like to scavenged‐type variability and 
leads to the high latitudes being relatively replete in the nutrient‐like elements NO3, 
























Table 3.1. Correlation of mixed layer integrated resource balances with end-
member balances NO3/PO4 and Mn/PO4. Computed as Spearman’s rho using 
each profile where data is available. The difference between both correlations 




3.4.4 Vertical Entrainment of Resources  
The vertical profiles of different resources and the covariance of the nutricline and 
winter mixing depth creates a range of different resource regimes. The vertical profiles 
of different resources and depth of seasonal mixing are used to calculate the flux of 
resources into the mixed layer in response to the entrainment of underlying waters. 
We acknowledge that there are physical supply mechanisms that operate in addition, 
but contend that the entrainment flux is likely to be predominant in many cases 
(Williams et al., 2000, Williams and Follows, 2003a, Tagliabue et al., 2014, 
Achterberg et al., 2018). In this analysis, a positive entrainment flux reflects an 
increase in mixed‐layer resource concentration, while a negative entrainment flux 
reflects dilution of mixed‐layer resource concentration. 
3.4.4.1 NO3, PO4, and Cd Entrainment  
The entrainment of NO3 and PO4 into the seasonal mixed layer varies over several 
orders of magnitude throughout the Atlantic Ocean. The largest NO3 and PO4 
entrainment flux estimates are located in the North Atlantic subpolar gyre and along 
40°S, >200 mmol NO3 m-2 year-1 and >100 mmol PO4 m-2 year-1 (Figures 3.12a and 
3.12b). The diagnosed NO3 and PO4 fluxes here result from large property gradients 
in the vertical and the depth attained by winter mixing which exceeds the nutricline 
depth (Figures 3.6a, 3.6b, and 3.8a). In subtropical regions, the entrainment fluxes of 
NO3 and PO4 are greatly reduced (Figures 3.12a and 3.12b) as the winter mixing does 
not access the nitracline (Figures 3.6a and 3.8a). In regions of the high latitude 
Southern Ocean, the vertical entrainment of macronutrients is low (Figures 3.12a and 
3.12b) despite high standing stocks (Figures 3.4a and 3.4b), which is because the 
vertical gradients of NO3 and PO4 are insufficient to drive a large macronutrient flux 
(Figures 3.4a, 3.4b, 3.12a, and 3.12b). The large‐scale pattern in the entrainment flux 
Figure 3.12. Entrainment flux of NO3, PO4, Si (all mmol m-2 year-1), Cd, Zn, 
Fe, Co, and Mn (all μmol m-2 year-1) to the Atlantic Ocean and Southern 
Ocean. Physical model data from ECCOv4r3 (Forget et al., 2015; Fukumori 
et al., 2017). Biogeochemical data from the 2017 GEOTRACES intermediate 






of Cd is similar to that of NO3 and PO4, with maximum fluxes of >5 μmol m-2 year-1 
in high latitude regions. However, a small negative entrainment flux for Cd of ~ 
−0.001 to −0.005 μmol m-2 year-1 occurs in some subtropical regions (Figure 3.12c) 
where there are slight increases in upper ocean Cd and the Cd nutricline is far deeper 
than the winter mixed‐layer depth (Figure 3.6a).  
3.4.4.2 Si and Zn Entrainment  
The entrainment of Si is similar to that of other macronutrients NO3 and PO4, 
excluding the subtropical North Atlantic, with maximal values of >100 mmol m-2  
year-1 being widespread (Figure 3.12d). However, in the subtropical North Atlantic, 
the small subsurface minima in Si drives a small negative entrainment flux of -1 and 
-2 mmol m-2 year-1. Here, mixed‐layer Si becomes slightly diluted by the entrainment 
of relatively low Si waters from below. The entrainment of Zn into the mixed layer is 
largest in the North Atlantic subpolar gyre and around Drake Passage, where deep 
mixed layers access subsurface Zn stocks and cause entrainment fluxes of >50 μmol 
m-2 year-1 (Figure 3.12e). Like Cd, the Zn entrainment flux in the South Atlantic is 
negative, and both resources display a large offset between their respective nutricline 
depth and the winter mixed‐layer depth (Figure 3.9b and 3.9c). Generally, the 
entrainment of Zn exhibits the greatest small‐scale variability. 
3.4.4.3 Co, Fe, and Mn Entrainment  
Co exhibits a nutrient‐type profile over the depths of seasonal mixing (Figure 3.4f) 
which drives a positive entrainment flux that reaches >1.5 μmol m-2 year-1 the 
subtropical North Atlantic and along 40°S (Figure 3.12f). In the subtropical Atlantic, 
Co concentrations increase with depth to ~300 m due to underlying low oxygen 
waters, which elevates subsurface Co stocks and drives entrainment of around 0.5 
μmol m-2 year-1 (Figures 3.4f and 3.12f). Although the seasonal cycle of the mixed 
layer is large in the North Atlantic subpolar gyre, the vertical profile of Co is relatively 
uniform causing a very low entrainment flux of Co compared to that of other 
resources.  
The entrainment flux of Fe reaches >10 μmol m-2 year-1 in the North Atlantic subpolar 
gyre and along 40°S as winter mixing accesses subsurface Fe stocks (Figures 3.8b and 
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3.12g). In the Fe‐limited Southern Ocean, the entrainment of Fe into the mixed layer 
is notably lower (~1–5 μmol m-2 year-1) as the winter mixed‐layer depth does reach 
subsurface iron stocks (Figures 3.8b and 3.12g). Seasonal entrainment acts to erode 
the mixed‐layer Fe stock significantly in the subtropical North Atlantic, with dilution 
rates of >10 μmol m-2 year-1 common for this region (Figure 3.12g). Similarly, the 
scavenged distribution of Mn causes seasonal entrainment to dilute mixed‐layer Mn 
stocks by as much as 10–50 μmol m-2 year-1 throughout much of the Atlantic (Figure 
3.12h). There is a positive Mn entrainment flux of up to 10 nmol m-2 year-1 in the 
Southern Ocean due to the combination of muted surface maxima and winter mixing 
crossing vertical Mn gradients (Figures 3.4h, 3.9f and 3.12h).  
3.5 Discussion  
3.5.1 Biological Impacts of Variability in Resource Availability  
The broad resource availability regimes identified in this study cause the deficiency 
of multiple resources throughout the Atlantic Ocean mixed layer. Deficiency may 
eventually lead to limitation as mixed‐layer resource stocks become exhausted during 
phytoplankton growth. For instance, in some regions, the winter mixed‐layer NO3/PO4 
ratio is 8 mol mol-1 (e.g., eastern subtropical South Atlantic, Figure 3.10a), which 
indicates a deficiency in NO3 relative to PO4 compared to Redfield 16N:1P (Redfield, 
1934). The mixed layer shoals and biological uptake occurs at Redfield N:P, and the 
NO3/PO4 is reduced further as more NO3 is removed than PO4 compared to the original 
conditions. In this case, initial deficiency of NO3 would lead to growth limitation by 
NO3 assuming all other requirements are met. Growth limitation by NO3 or Fe can be 
derived by a relationship between relative surface concentrations of NO3 and Fe 
(Browning et al., 2017a). If we apply this relationship to our winter mixed‐layer 
resource stocks (rather than simply surface data), we find that 42% of individual 
locations are singularly limited by Fe, 25% exhibit Fe‐N serial limitation, 14% display 
colimitation, 9% show N‐Fe serial limitation, and 11% are singularly limited by N. 
The high latitude North Atlantic, Southern Ocean, and the Benguela upwelling region 
display signals of singular Fe limitation, highlighting the potential of Fe to exert a 
remote influence over low latitude biogeochemistry. There is a small region of 
singular N‐limitation in the North Atlantic subtropical gyre. Fe‐N and N‐Fe serial 
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limitation, as well as Fe‐N colimitation emerge as common features of the low latitude 
oceans (Figure 3.13). This indicates that variability in mixed‐layer resource stocks 
(driven by vertical profiles and the depth of mixing) has the potential to drive large‐
scale patterns in nutrient (co) limitation.  
Resource availability restricts productivity in the upper mixed layer, and microbial 
community structure may also be affected (Ward et al., 2013, Saito et al., 2014). For 
instance, when waters are deplete in NO3, but replete in PO4 and Fe, diazotrophs are 
able to exploit the N limitation of non‐N fixing plankton and flourish (LaRoche and 
Breitbarth, 2005, Sohm et al., 2011, Ward et al., 2013). We find that such conditions 
arise in the east of the subtropical North Atlantic near the African coast, where 
NO3/PO4 decreases, indicating enhanced PO4 supply and Fe stocks remain high 
(Figures 3.10a and 3.10f). This pattern agrees well with the distribution of diazotroph 
communities in the subtropical North Atlantic gyre (Ratten et al., 2015). Similarly, a 
database of diazotroph biomass (Luo et al., 2012) indicates high surface levels in the 
subtropical North Atlantic and between in 22.5°S and 37.5°S the western South 










Figure 3.13. Log10(NO3/Fe) in the maximum annual mixed layer. Following 
Browning et al. (2017), log10(NO3/Fe) is used to define limitation categories. 
Mixed layers are defined by ECCOv4b (Forget et al., 2015, Fukumori et al., 
2017), biogeochemical observations from the GEOTRACES 2017 IDP 
(Schlitzer et al., 2018). 
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Atlantic, which coincides with regions of low NO3 and high Fe mixed‐layer conditions 
we identified in this study (Figures 3.10a and 3.10f). The observed west to east 
transition from nanophytoplankton to picophytoplankton along 40°S (Browning et al., 
2014) is coincident with a decline in Fe/PO4, Zn/PO4, Mn/PO4, Cd/PO4, and Co/PO4 
from west to east (Figure 3.10). New findings of diatoms in the subtropical North 
Atlantic (Lampe et al., 2019) are in agreement with elevated Si/PO4 stocks we find in 
this region (Figure 3.10c). Overall, our results suggest that the broad resource regimes 
established in the Atlantic Ocean influence marine ecosystems.  
While it is possible to link resource availability to the estimates of phytoplankton 
demand for various resources (e.g., Ho et al., 2003) to derive a “Redfield balance” 
(Redfield, 1934), doing so would ignore important interactions between trace 
elements, which dictates the interior physiology of marine phytoplankton (Sunda, 
1989). For instance, new evidence suggests Zn and Mn can outcompete Co for a 
common uptake mechanism when Co is deficient, altering the link between resource 
availability and cellular accumulation (Hawco and Saito, 2018). In addition, the 
uptake of P from dissolved organic P at low PO4 concentrations via alkaline 
phosphatase can be colimited by Zn and Fe (Shaked et al., 2006, Mahaffey et al., 2014, 
Browning et al., 2017b). Finally, many organisms adjust their biochemical apparatus 
under Fe stress, with for example, flavodoxin being produced instead of the Fe‐
containing ferredoxin (LaRoche et al., 1996) or the Cu‐containing plastocyanin 
replacing the Fe‐containing cytochrome b6 (Peers and Price, 2006). Moreover, Co and 
Zn are interchangeable in the carbon acquisition enzyme carbonic anhydrase (Sunda 
and Huntsman, 1995). In order to accurately diagnose the dominant limiting resource 
in a given region, we must develop our conceptual and theoretical understanding of 
trace metal interactions and account for the plasticity of phytoplankton interior 
stoichiometry instead of using fixed thresholds. In this context, expanding data sets of 
phytoplankton cell quotas (Ho et al., 2003, Finkel et al., 2006, Twining and Baines, 
2013) and nutrient stress (Saito et al., 2014, Wu et al., 2019) would be invaluable in 
linking resource availability and demand.  
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3.5.2 Variability in the Winter Mixed-Layer  
The seasonal cycle of the mixed layer exhibits interannual variability (Holte et al., 
2017) due to changes in physical controls (de Boyer Montegut et al., 2004) or climate 
Figure 3.14. Biogeochemical province median percentage change in the 
elemental stoichiometry of resources in the winter mixed layer when the 
maximum annual mixed‐layer depth is (a) shoaled and (b) deepened by 20%. 
Mixed‐layer depth from ECCOv4r3 (Forget et al., 2015; Fukumori et al., 
2017). Biogeochemical provinces are the Atlantic sub‐polar gyre (ASP), 
North Atlantic sub‐tropical (NAS), equatorial Atlantic (EQA), South Atlantic 
subtropical (SAS), and the Southern Ocean (SOC). An increase in X/PO4 
corresponds to an increase in the availability of X relative to PO4 in the mixed 
layer compared to initial conditions. Ordered by nutrient type to scavenged-
type resource (see text). Biogeochemical data from the 2017 GEOTRACES 







modes (Sallee et al., 2010). It is possible that mixed‐layer anomalies may markedly 
alter the growth environment due to the changes in the mixed‐layer resource 
availability (Barber and Chavez, 1983). To test this, we explored two different 
scenarios where the depth of the maximum annual mixed‐layer depth was increased 
a
b
Figure 3.15. Biogeochemical province median percentage change in the 
elemental stoichiometry of resources in the winter mixed layer when the 
maximum annual mixed‐layer depth is (a) shoaled and (b) deepened by 5%. 
Mixed layer depth from ECCOv4r3 (Forget et al., 2015, Fukumori et al., 
2017). Biogeochemical provinces are the Atlantic sub-polar gyre (ASP), 
North Atlantic sub-tropical (NAS), equatorial Atlantic (EQA), South Atlantic 
subtropical (SAS) and the Southern Ocean (SOC). An increase in X/PO4 
corresponds to an increase in the supply of X relative to PO4 in entrainment 
compared to initial conditions. Likewise, a decrease in X/PO4 corresponds to 
the entrainment flux supplying more PO4 relative to X. Ordered by nutrient 
type to scavenged-type resource (see text). Biogeochemical data from the 
2017 GEOTRACES Intermediate Data Product (Schlitzer et al., 2018). 
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and decreased by a modest (5%) and large (20%) degree by altering the mixed‐layer 
thickness (H) in equation (1) accordingly.  
The integrated resource stocks decrease when the depth of winter mixing was reduced; 
however, there were notable fluctuations in relative stock of different resources (i.e., 
the ratio of a given resource to PO4; Figures 3.14 and 3.15). Under both shoaling 
scenarios presented, decreasing the winter mixed‐layer depth decreases NO3/PO4 in 
the equatorial Atlantic (Figures 3.14a and 3.15a). In the North and South Atlantic 
subtropical gyres, under the 5% shoaling case and the 20% shoaling case, opposing 
responses in mixed‐layer NO3/PO4 occur as the NO3 and PO4 stoichiometry varies 
with depth (Figure 3.16). In the equatorial Atlantic and South Atlantic gyre, Si/PO4, 
Zn/PO4, Co/PO4, Fe/PO4, and Mn/PO4 all increase alongside the decrease in NO3/PO4 
and Cd/PO4, implying Si and non-nutrient type trace elements become more abundant 
relative to NO3, PO4 and Cd under reduced winter mixing (Figure 3.14). In general, 
Si, Zn, and Fe all show greater availability relative to PO4 at low latitudes and less 
availability relative to PO4 in the most polar provinces. Fe, Co and Mn become more 
Figure 3.16. Mean ratio of 
NO3 and PO4 (mol:mol) in the 
upper 500m of the North 
Atlantic subtropical gyre. 
Data taken from the 2017 
GEOTRACES IDP (Schlitzer 
et al., 2018).  
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available everywhere relative to PO4, excluding Fe in the Atlantic subpolar gyre and 
Southern Ocean. The changes under the 20% deepening scenario are generally 
opposite to those under the 20% shoaling scenario, deeper winter mixed layers lead to 
decreases in resource availability of Si, Zn, Co, Fe, and Mn relative to PO4 in low 
latitude provinces. In some cases, shoaling and deepening drives the same response, 
which is attributed to gradients in the vertical profile of resource stoichiometries 
(Figure 3.16).  
The effect of reducing the winter mixed‐layer depth is likely to benefit nitrogen fixing 
diazotrophs in the equatorial Atlantic and South Atlantic gyre as NO3/PO4 is reduced 
while Fe/PO4 increases, expanding the diazotroph niche (Ward et al., 2013). 
Additionally, increased Zn/PO4 may promote alkaline phosphatase activity in these 
regions and alleviate PO4 stress (Mahaffey et al., 2014). Overall, our results suggest 
that NO3/PO4 will increase in high latitudes while mid to low latitudes become richer 
in Si and non-nutrient type trace elements, allowing diazotrophs to thrive under 
reduced winter mixing, while the success of non-diazotrophs will be hampered.  
3.5.3 Wider Considerations 
3.5.3.1 Additional Resource Pathways to the Mixed-Layer 
The entrainment of resources into the mixed layer is augmented by additional supply 
pathways. Dust is a source of resources to the ocean surface (Jickells et al., 2005), and 
by combining typical modelled deposition rates (Mahowald et al., 2005, Duce et al., 
2008), subtropical North Atlantic solubility measurements (Shelley et al., 2018), and 
crustal ratios (Rudnick and Gao, 2003), we estimate average annual dust fluxes of 9.9 
± 11.5 N, 0.02 ± 0.03 P, and 2.0 ± 4.1 Si (all mmol m-2 year-1), 0.4 ± 0.8 × 10-1 Cd , 
0.5 ± 1.0 Zn, 0.05 ±  0.11 Co, 50.0 ± 100.0 Fe, and 8.2 ± 16.3 Mn (all μmol m-2 year-
1) across all stations included in this study. The strongest dust influence is likely to be 
in the subtropical North Atlantic, where it may compensate for the loss of Fe and Mn 
from entrainment. However, as dust inputs of Fe and Mn are greater than the 
entrainment losses we estimate, it is likely that additional removal processes, such as 
scavenging and biological uptake, are operating on aerosol derived Fe and Mn. The 
minimal abundance of N and P in Earth's crust causes dust to be relatively depleted in 
N and P compared to Si, Fe, and Mn (Rudnick & Gao, 2003). N‐fixation rates of up  
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Figure 3.17. Percentage difference in the decadal mean maximum annual 
mixed layer depth between historical data (2005-2014) and future scenario 
(2091- 2100) under the RCP8.5 warming scenario. All models included are 
part of the Coupled Model Intercomparison Project – Phase 5 (CMIP5) 
(Taylor et al., 2012).  
Figure S9: Difference in decadal mean maximum annual mixed layer depths for historical data (2005 – 2014) 
and future scenarios (2091 – 2100) under the RCP 8.5 climate warming scenario. All models included are part of 
the Coupled Model Intercomparison Project – Phase 5 (CMIP5). 
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to 65 mmol N m-2 year-1 have been observed in the subtropical North Atlantic (Moore 
et al., 2009), outweighing the entrainment input of N in this region (Figure 3.12a).  
Wind‐driven Ekman transport in the North Atlantic may also provide up to 60 mmol 
N m-2 year-1 on the northern flank of the subtropical gyre (Williams and Follows, 
1998), comparable to our estimates of NO3 entrainment in the same region. In the 
north‐western Atlantic, Gulf Stream rings have been suggested to deliver Fe to the 
subtropical gyre at a rate of 3.4 ± 1.9 μmol Fe m-2 year-1 when averaged across the 
subtropical gyre area (Conway et al., 2018). This extra Fe would counter‐act the 
estimated losses from entrainment of around −1 to −10 μmol Fe m-2 year-1 in the region 
(Figure 3.12g). The comparison of entrainment with other physical supply pathways 
will vary across broad dynamical regimes. For example, in coastal or tropical regions 
upwelling is important; conversely, in downwelling regions such as subtropical gyres, 
entrainment will form a key pathway of resources to the euphotic zone (McGillicuddy, 
2016). Additional physical process, such as horizontal advection (Palter et al., 2005)or 
mixing due to wind‐driven internal waves (Whalen et al., 2018), operate alongside 
entrainment; however, we are unable to estimate their influence with the data sets used 
in this study. The external supply of resources to the winter mixed layer may alter the 
mixed‐layer resource stoichiometry. Properly assessing the influence of the total 
external supply necessitates a complete understanding of each pathway.  
3.5.3.2 Better Constraining Entrainment Estimates  
Increased stratification may reduce winter mixed‐layer depth, however; ocean 
warming may cause stronger thermal gradients to form (Rhein et al., 2013). This will 
increase the barrier presented by the main thermo- cline located between the surface 
mixed layer and deeper water, reducing the ventilation of the upper ocean(Frolicher et 
al., 2009). In such a scenario, the supply of resources to the mixed layer from 
diapycnal diffusion and upwelling is diminished, increasing the role of entrainment 
where nutriclines are located above the winter mixed‐layer depth.  
In order to better constrain the role of entrainment and future changes we require 
improved observational data coverage. In many high latitude systems (e.g., Southern 
Ocean), winter‐time observations are scarce, affecting our estimates of the winter 
nutriclines and mixed‐layer depths and subsequently entrainment at these locations. 
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Monthly observations of resources, particularly when the mixed layer is deepening, 
are key to better constraining entrainment fluxes. In this study, we reconstruct winter 
profiles based on density structure rather than applying direct monthly observations. 
We require better understanding on how ocean warming will impact upper ocean 
physics, both spatially and temporally, as well as subsequent response in 
biogeochemical processes (e.g., remineralization depth). At present, there is little 
coherency in the projected changes to winter mixed‐layer depths in models included 
in the Coupled Model Intercomparison Project— Phase 5 (CMIP5; Figure 3.17) 
(Taylor et al., 2012, Sallee et al., 2013). To fully understand the future role of 
entrainment compared to other major sources, other factors such as atmospheric 
resource supplies should be considered (Mahowald and Luo, 2003).  
3.6 Conclusions  
This study synthesizes biogeochemical observational data with output from a physical 
ocean state estimation to determine basin‐scale patterns in mixed‐layer resource 
availability throughout the Atlantic Ocean. We find NO3/PO4 and Mn/PO4 are 
endmembers displaying maxima in the high and low latitudes, respectively, due to 
their nutrient‐like and scavenged‐like characteristics. Cd/PO4, Si/PO4, Zn/PO4, and 
Co/PO4 tend to fall in between these two endmembers, while Fe/PO4 shows different 
behaviour in different regions of the Atlantic Ocean. These variations arise primarily 
due to the regional differences in the offset between the winter mixed‐layer depth and 
the associated nutricline. When nutrient‐type profiles prevail, the entrainment of 
thermocline waters into the mixed layer acts to alleviate deficiency of these resources. 
However, in regions where resources display scavenged‐type profiles, then 
entrainment can cause a dilution of upper ocean stocks. This dilution occurs most 
prominently for Mn and Fe in the North Atlantic subtropical gyre and equatorial 
Atlantic and implies that the elevated upper ocean stocks must be sustained by other 
pro- cesses (e.g., dust deposition, lateral advection). Entrainment replenishes nutrient‐
type resources in the mixed layer and dilutes scavenged‐type elements in the mixed 
layer. Future changes in the depth of winter‐mixing will have a subsequent impact on 
mixed‐layer resource availability. We apply a N-Fe relationship to mixed-layer 
resource availability to infer singular N-limitation in the low latitude Atlantic and 
singular Fe-limitation in the high latitude Atlantic in close proximity to the Labrador 
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Sea. Singular Fe-limitation in high latitude regions, particularly at deep water 
formation sites, suggests the remote influence of Fe over low latitude biogeochemistry 
as deep waters are transferred vertically. However, to fully link any change in the 
relative availability of various resources to phytoplankton growth requires a complete 
understanding of the stoichiometric plasticity and the colimitation of cellular 
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Study motivation  
 
The GEOTRACES programme provides a wealth of information on the distribution of 
trace elements and their isotopes, and major nutrients in the ocean. However, the single 
‘snapshot’ view inherent to shipboard transect studies hinders the study of physical 
processes which vary temporally. In this chapter, helium, which is a biologically and 
chemically inert tracer, is used to estimate rates of physical exchanges in the upper 
ocean directly from GEOTRACES cruises. We are subsequently able to combine 
mixing estimates with resource profiles to infer resource fluxes from in situ 
observations alone. Our findings demonstrated that the vertical resource flux was 
sensitive to both mixing rates and resource gradients. Oxygen has established links to 
the distributions of key resources, we therefore used GA03 and GP16 as the ideal 
testbed to investigate this link further due to the wide range of oxygen environments 
observed along both transects.  
 
Key Points  
 
• Vertical mixing is larger by a factor of ~7 during periods of active entrainment 
in the subtropical North Atlantic.  
• Generally, resource gradients are correlated with oxygen gradients, however 
there are regional contrasts and differences between resources. 
• Along tropical and subtropical ocean transects, variability in resource fluxes is 
driven by spatial changes in vertical mixing rather than variability in vertical 
gradients. 
• In the subtropical North Atlantic, the cellular elemental composition of 
dinoflagellates is similar to that of the upwards flux. In contrast, the trace-
element demand of diatoms is not met by vertical exchanges, suggesting 
diatoms rely on additional trace-element sources such as aeolian deposition. 
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The delivery of resources to the upper ocean is important in sustaining primary 
production. Physical processes, such as the winter-time entrainment of underlying 
waters into the mixed-layer and diapycnal mixing, are key in the vertical transfer of 
resources to biota in the euphotic zone. While the distribution of bio-essential 
resources is routinely observed during oceanographic field campaigns, in situ 
measurements of vertical transport are often lacking, especially for trace 
micronutrients. In this study, we exploit helium observations alongside profiles of 
nitrate (NO3), phosphate (PO4), silicic acid (Si), zinc (Zn), cobalt (Co), iron (Fe) and 
manganese (Mn) from GEOTRACES cruises to quantify vertical resource exchanges 
in the subtropical North Atlantic and equatorial Pacific. The helium flux gauge 
approach is used to integrate physical signals from single in situ measurements to 
demonstrate that vertical mixing is larger by a factor ~7 during entrainment periods 
compared to detrainment periods. Enhanced vertical mixing increases the transfer of 
key resources, however, overall vertical fluxes are also controlled by each unique 
resource distributions. There are strong relationships between the vertical gradients of 
oxygen and NO3, PO4, Si, Co and Mn, but not Fe and Zn in the subtropical North 
Atlantic. While in the equatorial Pacific, NO3, PO4, Si, Fe and Mn vertical gradients 
exhibited strong relationships with oxygen gradients, but Co and Zn did not. A linear 
model demonstrates that resource flux variability is primarily driven by variability in 
physical mixing in the subtropical North Atlantic and by both variability in resource 
gradients and physical mixing in the equatorial Pacific. Resource flux estimates are 
compared to concurrent in situ measurements of marine phytoplankton composition 
to show that the cellular demands of dinoflagellates are met, while diatoms must rely 
on other resource supplies to meet cellular requirements. Our results demonstrate the 
importance of considering temporally varying physical processes when assessing 
transect data and have implications for understanding the response of resource fluxes 






Basin-scale field campaigns deliver high resolution snapshots of trace elements and 
their isotopes. Understanding the role of physical processes in setting upper ocean 
resource distributions identified by transect studies requires quantification of 
temporally and spatially varying processes (Rijkenberg et al., 2012, Tuerena et al., 
2019). In the upper ocean, the seasonal entrainment of underlying waters into the 
mixed layer causes the vertical exchange of multiple tracers, including bio-essential 
resources which are fundamental to sustaining primary production (Jenkins, 1988, 
Williams and Follows, 2003a, Tagliabue et al., 2014, Stanley et al., 2015, Achterberg 
et al., 2018, Rigby et al., 2020). The in-situ quantification of entrainment demands 
regular observation of the mixed-layer depths and trace metal resources throughout 
the year, which is logistically challenging. Consequently, in-situ estimates of physical 
exchanges between the mixed layer and underlying thermocline during periods of 
active and inactive entrainment alongside contemporaneous resource observations are 
lacking. Tracer techniques integrate physical signals over long time periods to offer 
temporal insights from single point observations (Jenkins, 1988, Jenkins and Doney, 
2003, Stanley et al., 2015). The GEOTRACES programme offers tracer observations 
alongside a suite of key resources in two different hydrographic settings, the sub-
tropical North Atlantic (GA03) and equatorial Pacific (GP16), where the amplitude of 
the annual mixed-layer cycle is large and small, respectively (Jenkins et al., 2015, 
Peters et al., 2018a). This provides an opportunity to quantify tracer exchanges in the 
two regions and to infer the role of seasonal entrainment in increasing mixing rates to 
the upper ocean.   
 
The transfer of resources across the base of the mixed layer is governed by diffusivity 
and vertical gradients in resource profiles. Directly beneath the surface mixed layer, 
diapycnal diffusivity (Kz) ranges from ~10-3 to ~10-4 m s-2 (Blain et al., 2008, 
Rijkenberg et al., 2012, Cronin et al., 2015), while in the quiescent mid-depth open 
ocean, lower Kz estimates of  ~10-6 m s-2 are typical (Martin et al., 2010). There is a 
seasonal cycle in Kz, which is associated with seasonal changes in wind-stress and is 
stronger in the upper ocean (Wu et al., 2011). Vertical gradients in resource profiles 
are established by multiple processes (Tagliabue, 2019, Rigby et al., 2020). Low 
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oxygen environments influence the biogeochemical cycles of nitrate (NO3), cobalt 
(Co), iron (Fe) and manganese (Mn) due to changes in redox chemistry, scavenging 
and release from sediments (Moffett and Ho, 1996, Hawco et al., 2016, Heller et al., 
2017). In the absence of oxygen, NO3 is the favorable acceptor of electrons during 
respiration, resulting in the reduction and denitrification of bioavailable nitrogen 
forms (NO3, nitrite and ammonium) to biologically unavailable gaseous forms (nitric 
oxide, nitrous oxide and di-nitrogen). Nitrite (NO2), an indicator of denitrification, 
accumulates under oxygen levels less than 0.05 mmol m-3 (Thamdrup et al., 2012).  In 
the modern ocean, the solubility of Co, Fe and Mn is limited by the presence of oxygen 
(Sunda, 2012). In the South Atlantic at the Benguela-Angola front, Co and oxygen 
demonstrate a strong relationship in the oxygen minimum zone (OMZ) due to 
subsurface coastal inputs, lateral advection and slow scavenging rates in the OMZ 
(Noble et al., 2012). In oxic waters, dissolved Fe(II) is rapidly oxidized into the less 
soluble Fe(III), resulting in lower dissolved Fe concentrations (Millero et al., 1987, 
Millero and Sotolongo, 1989). Oxygen minimum zones are proposed as major sources 
of Fe to the ocean interior due to the depleted levels of oxygen and hydrogen peroxide, 
the main oxidizing agents of Fe (Scholz et al., 2014). The relationship between Mn 
and oxygen is well established and linked to the recycling of organic material and 
dissolution on Mn oxyhydroxides which drives increases in Mn concentrations 
concurrent with oxygen minimum zones (Landing and Bruland, 1987, Lewis and 
Luther Iii, 2000). Systematic links between oxygen gradients and resource gradients 
may highlight the importance of preformed resources and low oxygen subsurface 
waters in setting the magnitude of resource fluxes during seasonal entrainment. There 
are contrasts in the distribution of oxygen between the subtropical North Atlantic and 
equatorial Pacific, thus providing a suitable testbed to explore the linkages between 
oxygen gradients and diapycnal resource fluxes (Jenkins et al., 2015, Peters et al., 
2018a).  
 
The availability of NO3, phosphate (PO4), silicic acid (Si), zinc (Zn), Co, Fe and Mn 
in the upper ocean supports biological productivity (Sunda, 1989, Twining and Baines, 
2013). The regeneration of export at depth has established macro-nutrient resource 
ratios of Corg : N : P : -O2 = 117 ± 14 : 16 ± 1 : 1 : 170 ± 10 (Anderson and Sarmiento, 
1994). Resources are required by marine phytoplankton to maintain their cellular 
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functions, ranging from nitrogen for use in DNA and proteins, to Fe in fundamental 
cellular enzymes (Raven, 1988b), to Zn in carbon-acquisition enzyme carbonic 
anhydrase (Sunda, 1989), and Co as part of vitamin B12 (Rodionov et al., 2003). 
While differences in cellular compositions between phytoplankton taxa group have 
been observed (Sunda, 1989, Ho et al., 2003, Twining and Baines, 2013), there is 
plasticity in the demand of trace metal resources within taxa groups due to substitution 
(Prince and Morel, 1990, Morel et al., 2020), storage strategies (Cohen et al., 2018, 
Lampe et al., 2019) and the competitive inhibition of uptake mechanisms (Hawco and 
Saito, 2018). Differences in the stoichiometry of resource availability, which is 
partially maintained by the vertical resource flux, and in-situ cellular compositions of 
phytoplankton drives resource deficiency (Moore, 2016). Productivity is limited by 
resource availability where cellular demands are not met (Moore et al., 2013). There 
are numerous studies into the role of NO3 and Fe as the major limiting nutrients, 
restricting the growth of marine phytoplankton (Boyd et al., 2001, Hopkinson and 
Barbeau, 2008, Browning et al., 2017a, Hogle et al., 2018). Browning et al., (2017) 
performed bioassay experiments to study linkages between N, Fe and Co limitation 
between the Benguela Upwelling Region and South Atlantic gyre, developing a metric 
to infer N-Fe singular-, secondary- and co-limitation from N:Fe ratios. In the eastern 
equatorial Pacific, projections of the response of productivity to climate change 
demonstrate the importance of cellular quotas in the context of changes to nutrient 
limitation regimes, but are restricted by the availability of current in-situ estimates of 
processes in the Fe cycle and nutrient regimes (Tagliabue et al., 2020).   
 
Using GEOTRACES (www.geotraces.org) data in the equatorial Pacific and 
subtropical North Atlantic, we apply the helium flux gauge approach to estimate 
physical exchange rates and infer vertical resource fluxes into productive regions 
where entrainment is inactive and active. By comparing these low-latitude regions, we 
provide seasonally varying in-situ estimates of physical mixing and estimate the 
vertical flux of NO3, PO4, Si, Zn, Co, Fe and Mn. Linkages between vertical oxygen 
gradients, vertical resource gradients and Kz are explored to identify the principle 
mechanism controlling variability in vertical resource fluxes. The resource flux 
stoichiometry is compared to the cellular composition of marine phytoplankton in the 
subtropical North Atlantic Ocean to demonstrate the reliance of two phytoplankton 
taxa on upwards resource flux. Finally, we employ an iron-nitrogen limitation 
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relationship to demonstrate an east-west transition in resource limitation of waters 
supplied to the upper water column in the equatorial Pacific.  
 
4.3 Methods  
 
4.3.1 Datasets  
 
Observational data were collected on GEOTRACES (www.geotraces.org) section 
cruises GA03 in the subtropical North Atlantic, 6th November 2011 to 11th December 
2011, and GP16 in the equatorial Pacific, 25th October 2013 to 20th December 2013 
and extracted from the IDP2017v2 (Schlitzer et al., 2018). Helium analyses were 
completed at the Woods Hole Oceanographic Institute (Jenkins et al., 2019). Local 
mixed-layer depths (MLDs) were estimated by the de Boyer Montegut et al. (2004) 
density criterion, where density is calculated using the Gibbs Seawater Toolbox with 
Figure 4.1. Schematic view of the mixed layer helium budget and evolution 
with time (horizontal axis). Sources of helium are bubble inputs (grey circles), 
tritium decay (blue stars) and the deepening of the mixed layer (dotted grey 
line for equatorial regions, dashed black line for subtropical regions). The loss 
of helium is through the air-sea interface. Helium transfers across boundaries 
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shipboard measurements of temperature and salinity (IOC et al., 2010). The monthly 
climatology of mixed-layer depth was extracted from the ECCO (Estimating the 
Climate and Circulation of the Ocean, version 4 release 3) global circulation model 
along the GA03 and GP16 cruise transects (Forget et al., 2015, Fukumori et al., 2017). 
Estimates of the euphotic depth during both field campaigns were retrieved from the 
Globcolor project (Fanton d'Andon et al., 2009, Maritorena et al., 2010) 
 
4.3.2 Air-Sea Helium Flux 
 
The air-sea flux of He is sustained by three sources of helium into the mixed-layer: 
(1) air injection, (2) in-situ tritium decay and (3) upwards flux from below, equation 
[4.1], referred to hereafter as the helium budget (Figure 4.1).  
 




 K(iNj	klmGNnoM = Yj|[K(k}] − [K(~Ä]Å [4.2] 
 
Where Heeq is the concentration of helium at equilibrium with the atmosphere, 
calculated using helium solubility which includes an isotopic fractionation effect 
(Benson and Krause, 1980) and molecular diffusivity which is a function of both 
temperature and salinity (Bourg and Sposito, 2008). HeMLD is the mean mixed layer 
He concentration. We apply the air-sea exchange parameterization (Ks) of Liang et al. 















Where ua is the air-side frictional velocity given by  




Where u10 is the wind speed at 10 m above sea-level and Cd is related to wind speed 
by the following relationship, equation [4.5]:  
 



























The Schmidt number (Sc) of helium is temperature dependent (Jähne et al., 1987), 
resulting in a seasonal cycle associated to the air-sea flux. At a temperature of 20oC 
and salinity 35‰, the Schmidt number of He is 165 and that of 3He is 145 (Jähne et 
al., 1987, Wanninkhof, 2014). 
Air injection included in the helium budget is calculated from L13. Air injection 
occurs through bubbles which completely dissolved and bubbles which partially then 
return to the surface, equation [4.6].  
 
 K(pqO	rnsMmFqtn = 	K(ètIyJMFMJL	vONyyM{ +	K(êNOFqNJJL	vONyyM{ [4.6] 
 
Bubbles are generated by breaking waves at the air-sea interface and entrained into 
the mixed layer by turbulence (see L13). Completely trapped bubbles are those which 
undergo complete dissolution following entrainment, injecting atmospheric helium 
into the surface mixed layer. The completely trapped bubble coefficient, kc is 
calculated by equation [4.7].  
 
 Ym = 5.56	(Vz)`.ëí [4.7] 
 
where uw is the water-side frictional velocity 
 
 Vz = 0.034	VN [4.8] 
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Partially trapped bubbles are entrained into the mixed layer, however, do not 
completely dissolve and return to the surface. The partially trapped bubble coefficient, 
kp, is calculated by equation [4.9]. 
 
Figure 4.2. Dependence of bubble components and supersaturation on 
















The contribution to the total bubble flux from completely and partially trapped bubbles 
approximately 70% and 30% respectively (Figure 4.2), however is dependent upon 
wind speed and temperature. Air injected by bubbles is assumed to be in equilibrium 
with the overlying atmosphere.  
 
The hydrostatic pressure acting on entrained bubbles is given by DP, equation [4.10], 
 
 ∆a = 1.52	(Vz)0.@í [4.10] 
 


















Where KH is the Henry constant and equal to 3.9 x 10-4 for He (Krause and Benson, 
1989). The isotopic fractionation associated with the dissolution of helium in seawater 
is included in our calculations following Benson and Krause (1980). 
 
There are numerous models available to parameterize air-sea exchange and 
incorporate bubble fluxes (Wanninkhof, 1992, Woolf, 1997, Wanninkhof and 
McGillis, 1999, Stanley et al., 2009, Liang et al., 2013, Wanninkhof, 2014) which are 
dependent upon wind speed (Figure 4.3). Choice of the cubic parameterizations tends 
to lead to higher air-sea exchange estimates at high wind speeds and lower air-sea 
exchange estimates at low wind speeds (Figure 4.3). Here, our choice of L13 is based 
on the performance of each model compared to nitrogen supersaturation in the upper 
ocean (Emerson and Bushinsky, 2016). At low wind speeds (< 10 m s-1) as observed 
in our dataset, the choice of air-sea flux model affects the calculated flux by up to a 
factor of 2 compared to other examined parameterizations in Figure 4.3 (Emerson and 
Bushinsky, 2016). There is an error of 20% associated with air-sea flux 
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parametrizations due to the propagation of errors in calculations of model coefficients, 
the Schmidt number and associated wind speeds (Wanninkhof, 2014). 
 
The final parameter in the helium is that sourced from the in-situ decay of tritium. 
Tritium is measured in tritium units (TU), where 1 TU = 0.1181 Bq, equating to 118.1 
atoms of 3He m-3 s-1 or 6.18 x 10-3 pmol He3 yr-1. This quantity is then removed from 
the helium budget described by equation [4.1] 
 
4.3.3 Inferred Effective Vertical Diffusivity and Resource Fluxes 
 
The effective Kz (m2 s-1) is inferred by dividing the residual air-sea helium flux by the 
gradient in He between the two depth bounds, z1 and z2 of choice, equation [4.12] 
 











Figure 4.3. Gas transfer co-efficient relation with wind speed for various 
parameterizations. Included are Wanninkhof (1992), red, Woolf (1997), 
black, Wanninkhof (1999), yellow, Stanley et al. (2009), purple, Liang et 
al. (2013), green and Wanninkhof (2014), blue.   
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Helium is biologically and chemically inert and is therefore an ideal tracer of physical 
processes. Here, a helium mass balance is used to infer the effective Kz. Importantly, 
the inferred effective Kz does not solely represent diapycnal diffusivity within the 
seasonal thermocline, but also encompasses turbulent fluxes within the mixed layer. 
The inferred effective Kz captures the roles of additional physical processes, such as 
entrainment and eddy stirring, which augment diffusivity in driving vertical exchange 
in the upper ocean, see Box 1 (Kraus and Turner, 1967). Hence, the inferred effective 
Kz is larger than typical open-ocean estimates diapycnal diffusivity due to the 
inclusion of additional physical processes which increase the rate of vertical transfers. 
 
Resource fluxes between depth boundaries are calculated from the effective Kz in 











where R is a given resource and dz is the vertical spacing between depth boundaries.  
 
The depth and seasonal cycle of the mixed layer controls resource availability and the 
magnitude of winter-time entrainment. The mean local mixed-layer depth from 
shipboard observations is 61 ± 19m in the subtropical North Atlantic and 38 ± 20m in 
equatorial Pacific (Figure 4.4a). However, the underlying processes in driving the 
MLD at the time of sampling in each basin are in contrast. In the subtropical Atlantic, 
data was taken during late-autumn and early-winter months, meaning the mixed layer 
is deepening as the mechanical forcing of wind combined with the cooling of the upper 
water column breaks down summer-time stratification (Figure 4.4b). In the equatorial 
Pacific dataset, observations were made during late-spring and early-summer. Here, 
thermal inputs and reduced winds drive the stratification and a shoaling of the MLD 
during summer months (Figure 4.4c). Using ECCO mixed layer climatology at the 
time of sampling, the mixed layer in the subtropical North Atlantic was deepening at 
a rate of 1.40 m d-1, whereas the mixed layer in the equatorial Pacific was shoaling at 
a rate of 0.15 m d-1. The seasonal differences between available data in the equatorial 
Pacific and subtropical North Atlantic therefore allow direct comparison between the 




Alongside seasonal differences in the two datasets studied here, there are contrasts in 
the interaction between the MLD and euphotic depth. In the subtropical North 
Atlantic, the summer-time mixed layer is shallower than the euphotic depth, meaning 
irradiance levels are sufficient to support mixed-layer productivity in summer while 
adequate resources are available. In winter months, the MLD from the ECCO 
climatology deepens to below the depth of the euphotic zone from the Globcolor 
climatology, meaning resources are delivered to the euphotic zone by the seasonal 
entrainment of thermocline waters (Figures 4.4b). In the equatorial Pacific, the 
amplitude of the seasonal MLD cycle is muted compared to the subtropical North 
Atlantic (Figure 4.4c) and remains shallower than the euphotic depth throughout the  
 
The mixed layer balance equation, 
where a change in nutrient 
concentration, N (left-hand side term), 
is balanced with eddy turbulent fluxes 
(middle term, where z is depth and w 
is vertical velocity) and diffusion 
(right-hand side term, where k is 
diapycnal diffusivity). 
 
Integration of the mixed layer balance 
from the surface (z = 0) to the base of 
the mixed layer (z = -h). 
 
Integrating eddy turbulent fluxes over 
the mixed layer is equal to changes in 
the nutrient concertation as the mixed 
layer deepens 
 
Re-arranging to include the Heaviside 
function 
 
Where Λ is the Heaviside function and 
non-zero when the mixed layer is 
deepening (Kraus and Turner, 1967). 
 
The total flux is equal to the diffusive 
flux and turbulent flux 
 


























































































year. This permits primary production in and below the mixed layer (where nutrient 
demands are met). Therefore, examining the resource flux into the mixed layer is not 
representative of resource supply to biota as winter-time entrainment does not extend 
to below the euphotic depth.  
Figure 4.4. (a) In situ mixed-layer depth at stations where helium data is 
available in the subtropical North Atlantic (GA03) and the equatorial Pacific 
(GP16). Climatology of the annual mixed-layer depth cycle (diamonds) and 
euphotic depth (crosses) in the (b) subtropical North Atlantic and (c) the 
equatorial Pacific. Horizontal bars denote the sampling periods of GA03 and 
GP16. GA03 and GP16 data from the 2018 GEOTRACES (Schlitzer et al., 
2018), mixed-layer depth climatology from the ECCO global circulation 
model (Forget et al., 2015, Fukumori et al., 2017) and euphotic depth from 
the Globcolor project (Fanton d’Andon et al., 2009, Maritorena et al., 2010).  
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In the subtropical North Atlantic, we consider resource fluxes between the local MLD 
and winter MLD to provide estimates of Kz and resource fluxes to biota during periods 
of entrainment. In the equatorial Pacific, the isopycnal at which chlorophyll 
concentrations fall below 20% of the chlorophyll maxima is identified and resource 
fluxes are estimated between the 20% chlorophyll isopycnal and that plus 1 kg m-3, 
hereafter referred to as the low chlorophyll layer. This criterion is selected to identify 
the productive region of the water column where resource supply is sustaining growth 
over long periods. The choice of depth ranges applied here permits the calculation of 
Kz where entrainment is active and inactive in delivering resources to biota.  
 
4.4 Results  
 
4.4.1 Mixed-Layer Helium Fluxes and Inferred Vertical Mixing  
 
Variation in d3He equilibrium value (d3Heeq) can arise from changes in temperature, 
salinity and air-injection processes. In the subtropical North Atlantic section, 
measurements towards the west are at higher latitudes than those in the east, thus 
cooler waters cause a slight decrease in d3Heeq. Likewise, the upwelling of cooler 
waters in the eastern Pacific drives an east-west gradient in the mixed layer d3Heeq. 
The mixed layer d3Heeq is consistent in both the subtropical North Atlantic and the 
equatorial Pacific at around -1.6% (Figure 4.5a). Mixed layer d3He is generally greater 
than d3Heeq in both the Atlantic and Pacific datasets leading to outgassing fluxes. The 
median outgassing flux of d3He is 2.42 % m d-1 in the subtropical North Atlantic and 
1.18 % m d-1 in the equatorial Pacific (Figure 4.5b). Both are comparable to previous 
estimates of 2.83 % m d-1 in the Sargasso Sea (Jenkins and Doney, 2003). In the 
subtropical North Atlantic dataset, the d3He outgassing flux is largest in the Gulf 
Stream and also increases from the center of the gyre towards the Mauritian Upwelling 
Zone. In the equatorial Pacific, the d3He outgassing flux is generally consistent 
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throughout, with large outgassing fluxes located between -120oE and -115oE, as well  
as towards the Peruvian upwelling zone. 
 
The rate of vertical exchange is inferred from the outgassing flux by accounting for 
the vertical gradient in d3He between the local mixed-layer and the winter mixed-layer, 
equation [4.12]. The inferred effective Kz is larger in the subtropical North Atlantic 
(median = 5.0 ´ 10-3 m2 s-1, interquartile range = 2.4 – 10.1 ´ 10-3 m2 s-1) compared to 
Figure 4.5. Equatorial Pacific (left panels, red) and subtropical Atlantic (right 
panels, blue). (a) Mixed layer observed d3He (coloured) and d3He equilibrium 
value based on temperature and salinity (black), both in %. (b) Outgassing of 
d3He at the air-sea interface (% m d-1) using parameterizations of Liang et al. 
(2013) and error analysis of Wanninkhof (2014). (c) Inferred vertical 
diffusivity (Kz) from the air-sea flux and d3He gradient between the local 
mixed layer and winter mixed-layer (m2 s-1). Helium data from the 
GEOTRACES 2017 Intermediate Data Product (Schlitzer et al., 2017). 
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the equatorial Pacific (median = 7.1 ´ 10-4 m2 s-1, interquartile range = 3.1 – 37.3 ´  
10-4 m2 s-1) by a factor of 7 (Figure 4.5c). In the equatorial Pacific, inferred Kz is larger 
towards the center of the transect, decreasing towards the Peruvian upwelling zone. 
Similarly, in the subtropical North Atlantic, inferred effective Kz decreases towards 
the Mauritanian upwelling zone. There is a rapid increase in inferred effective Kz from 
the coastal stations into the turbulent gulf stream in the subtropical North Atlantic.  
 
As winter-time entrainment is only active in the subtropical North Atlantic dataset, the 
increase in the inferred effective Kz between the two regions allows us to highlight the 
key role of this process in enhancing the transport of any tracer into the mixed layer. 
Other mixing processes, such as diapycnal diffusion, eddy turbulence and the breaking 
of internal waves also contribute to the effective Kz in both regions studied. The 
calculation of the inferred effective Kz requires at least one measurement of d3He 
between the local MLD and winter MLD. This reduces the number of Kz estimates in 
the equatorial Pacific (nHe profiles = 23, nKz = 13) as the seasonal mixed layer cycle is 
narrow, reducing the number of d3He measurements available. Overall, our inferred 
Kz demonstrates the importance of winter-time entrainment in increasing the rate at 
which properties are transferred into the mixed layer.  
 
4.4.2 Resource Gradients and Oxygen Gradient Correlations 
 
The magnitude of vertical resource fluxes is modulated by the rate of vertical mixing 
and strength of vertical gradients in resource profiles. Regions of low oxygen 
concentrations are linked bacterial respiration during the regeneration of sinking 
organic matter, which increases subsurface resource stocks and strengthens vertical 
resource gradients. Similarly, the cycling of trace element resources is differentially 
sensitive to low oxygen levels, meaning greater quantities of some trace elements are 
retained in deoxygenated waters.  
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4.4.2.1 Subtropical North Atlantic 
 
In the subtropical North Atlantic, oxygen is near saturation throughout the upper 500 
m in the west and in the upper ~100 m to the east relative to the minimum of 50.3 
mmol m-3 in the most eastern profile at 410 m depth (Figure 4.6). Vertical gradients 
in oxygen between the winter MLD and local MLD are strongest at gyre boundaries 
and in the east of the transect (Figure 4.7a). The relationship between resource 
gradients and oxygen gradients, hereafter referred to as ∇R:O2 d[d(R)/dz] / 
d[d(O2)/dz], where R is a given resource), is used to infer strength of resource 
accumulation or depletion when transitioning into a low oxygen environment. 
Between the local MLD and annual maximum MLD, d(O2)/dz is negative while 
d(NO3)/dz is positive, meaning that concentrations of NO3 increase with depth as 
oxygen levels decrease in all cases (Figure 4.7b), indicating oxygen consumption 
during the regeneration of sinking material. The relationship between oxygen 
gradients and NO3 gradients (∇NO3:O2 = -0.14  mol m-4 / mol m-4, R2 = 0.95) reveals 
that strong negative gradients oxygen are mirrored by strong positive gradients in NO3. 
Both PO4 and Si show a similar relationship with oxygen as NO3, however the 
magnitude of vertical gradients in PO4 (∇PO4:O2 = -0.0097 mol m-4 / mol m-4, R2 = 0.96) 
and Si (∇Si:O2 = -0.033 mol m-4 / mol m-4, R2 = 0.75) are weaker compared to NO3, 
meaning the subsequent vertical fluxes of PO4 and Si are weaker than that of NO3 
between the local mixed-layer depth and winter mixed-layer depth.  
 
Figure 4.6. Atlantic Oxygen concentration (mmol m-3) along the 




Figure 4.7. Between the local mixed-layer depth to the winter mixed-layer depth, 
(a) vertical oxygen gradients (mmol m-4), (b – h) relationships between multiple 
resource gradients (b – d, mmol m-4, e – h, µmol m-4) and oxygen gradients in 
(mmol m-4) along the GEOTRACES GA03 subtropical North Atlantic transect 
(Schlitzer et al., 2017).  
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The relationships of Zn, Co, Fe and Mn with oxygen differ from those of NO3, PO4 
and Si. Gradients in the vertical profiles of Co and Mn correlate well with oxygen 
gradients (∇Co:O2 = -0.00089 mmol m-4 / mol m-4, R2 = 0.78, ∇Mn:O2= 0.016 mmol m-4 / 
mol m-4, R2 = 0.75) compared to that of Zn and Fe (∇Zn:O2= -0.0018 mmol m-4 / mol 
m-4, R2 = 0.40, ∇Fe:O2= -0.0026 mmol m-4 / mol m-4, R2 = 0.10). Co exhibits differing 
relationships with oxygen in the east and west. In the east, Labrador Sea water controls 
the Co distribution, masking any signals due to oxygen (Noble et al., 2017). In the 
west, negative Co gradients occur alongside negative oxygen gradients, suggesting 
both Co and oxygen are consumed at depth. In the east, negative oxygen gradients are 
concurrent with positive Co gradients, highlighting the established linkage between 
oxygen and Co availability (Noble et al., 2017).  Both Mn and oxygen show negative 
gradients between the local MLD and winter MLD, however, Mn gradients are formed 
by the photoreduction of Mn-oxides, increasing Mn stocks in upper layers, while 
oxygen gradients are formed by consumption at depth (Sunda and Huntsman, 1994). 
There are regional differences in the relationship of Zn with oxygen. In the west, 
vertical Zn are positive and strengthen as oxygen gradients are negative and 
strengthen, while in the east, Zn gradients become increasingly negative as negative 
oxygen gradients increase in magnitude, consistent with the scavenging of Zn onto 
sinking biogenic particles in the region (Conway and John, 2014). Contrasts between 
the eastern and western boundaries are also driven by differences in the sedimentary 
inputs of Zn, which are inconsistent throughout the water column and affected by a 
range of processes (Conway and John, 2014). However, differences in water mass 
mixing is the dominant process controlling Zn gradients along the GA03 (Roshan and 
Wu, 2015). Like Zn, Fe gradients alongside oxygen gradients show poor correlations, 
suggests additional processes, such as aeolian deposition and marginal inputs, are 
important in regulating the vertical Fe profiles. 
 
4.4.2.2 Equatorial Pacific 
 
In contrast to the subtropical North Atlantic, oxygen concentrations in the equatorial 
Pacific fall below detection limits in the OMZ (Figure 4.8). The OMZ is most 
prevalent in the east, associated with the Peruvian Coastal Upwelling site, where 
enhanced productivity in surface waters results in enhanced export and microbial 
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activity at depth consumes oxygen. Low oxygen concentrations persist in the 
subsurface throughout the GP16 transect. Oxygen contours deepen from the coastal 
upwelling site to the center of the transect at -115oE due to the circulation in the region, 
where upwelled cool low-oxygen waters are transferred below warm surface waters 
in the open ocean and form Equatorial Subsurface Water (Peters et al., 2018a).  
 
In the equatorial Pacific, oxygen gradients in the low chlorophyll layer are strongest 
around the OMZ at -100oE (Figure 4.9a). NO3, PO4 and Si exhibit the expected inverse 
relationships with oxygen (Figure 4.9b - d) and are comparable to those in the 
subtropical North Atlantic. However, the magnitude of the NO3 gradients compared 
to oxygen gradients (∇NO3:O2  = -0.062, R2 = 0.70) is a factor ~4 larger in the subtropical 
North Atlantic than in the equatorial Pacific as NO3 is reduced to NO2 and 
subsequently NO, N2O and N2 through denitrification in oxygen deplete conditions as 
found in the equatorial Pacific (Peters et al., 2018b). Unlike NO3, the gradients in PO4 
and oxygen (∇PO4:O2 = -0.0089, R2 = 0.90) are of similar magnitudes between the 
subtropical North Atlantic and equatorial Pacific. Gradients in Si compared to 
gradients in oxygen (∇Si:O2 = -0.12, R2 = 0.79) are stronger in the equatorial Pacific 
than the subtropical North Atlantic, suggesting increased dissolution of biogenic silica 
in the equatorial Pacific.  
 
In the equatorial Pacific, Fe and Mn exhibit strong relationships with oxygen (∇Fe:O2 = 
-0.0023, R2 = 0.86, ∇Mn:O2 = = -0.0046, R2 = 0.71) compared to that for Zn and Co 
(∇Zn:O2 = -0.0008, R2 = 0.09, ∇Co:O2 =-0.0002, R2 = 0.41). Both Fe and Mn gradients  
Figure 4.8. Pacific oxygen concentration (mmol m-3) along the GEOTRACES 




Figure 4.9. Between the density layer at which chlorophyll falls to 20% of the 
maximum and that plus 1 kg m-3, (a) strength of vertical oxygen gradients, (b – h) 
relationships between multiple resource gradients (b – d, mmol m-4, e – h, µmol 
m-4) and oxygen gradients in (mmol m-4) along the GEOTRACES GP16 equatorial 
Pacific (Schlitzer et al., 2017). Datapoints in blue circles are removed from the 
calculation of the slope and R2 due to the influence of marginal inputs.  
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exhibit strong negative relations with oxygen gradients, meaning sharp positive Fe and 
Mn gradients form where oxygen becomes depleted, leading to a subsequent resource 
flux. In the Fe and Mn analysis, the two most eastern vertical profiles are omitted as 
throughout the depth range of interest, oxygen is depleted, meaning no oxygen 
gradients form. Instead, Fe and Mn are strongly influenced by marginal inputs which 
are not the focus of this study. Gradients in Zn and oxygen exhibit low R2 values in 
both transects, meaning processes influencing the Zn distribution are independent of 
oxygen. The relationship between Co and oxygen gradients is a ~4.5 less in the 
equatorial Pacific, low R2 values omit this observation from further analysis, 
suggesting different, oxygen independent, processes affect Co in the equatorial Pacific 
which is not the case in the subtropical North Atlantic. Overall, our results demonstrate 
the strong dependence of Fe and Mn gradients with gradients in oxygen, while 
gradients in Zn and Co are affected by other processes. 
 
4.4.3 Atlantic Nutrient Fluxes and Flux Stoichiometry within the 
Winter Mixed-Layer 
 
The inferred effective Kz is combined with the vertical gradient in resource profiles 
between the mixed-layer depths at the time of observation and in winter to calculate 
resource fluxes into the mixed layer. The resource flux is large where either the 
inferred Kz or resource gradients (dR/dz, where R is given resource and z is depth) are 
large. Generally, nutrient type resources NO3, PO4 and Si exhibit greater fluxes at the 
gyre boundaries and minimal fluxes in the center of the subtropical North Atlantic 
gyre (Figures 4.10a, b, c). This emerges as the water column is depleted in NO3, PO4 
and Si, forming weak nutriclines (dR/dzmax) in the center of the gyre. Elevated fluxes 
in the east arise due to strong gradients in the vertical profiles of each resource formed 
by the Mauritanian Upwelling Zone. In the west, the turbulent Gulf Stream causes 
deep winter-mixed layers which facilitate access deep subsurface stocks.  
 
The vertical distribution, and hence vertical flux, of trace-elements Zn, Co, Fe and Mn 
differs from those of macronutrients NO3, PO4 and Si. The Zn flux generally decreases 
from west to east, becoming negative in the east, meaning mixed-layer Zn availability 
decreases due to entrainment as surface maxima are eroded (Figure 4.10d). The Co 
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Figure 4.10. Upwards (a – c) macronutrient flux (mmol m-2 d-1), and (d – g) 
micronutrient flux (µmol m-2 d-1) into the local mixed layer during winter-time 
entrainment. Data in the subtropical North Atlantic Ocean along 
GEOTRACES transect GA03 (Schlitzer et al., 2017). Errorbars reported result 
from uncertainty in the air-sea exchange parameterization (Wanninkhof, 
2014) used to infer vertical diffusivity. 
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the 
flux shows the reverse trend to Zn, increasing from west to east (Figure 4.10e). The 
structure in the Co flux distribution results from elevated subsurface Co concentrations 
in the low oxygen conditions in the east (Figure 4.10e), generating larger vertical 
Figure 4.11. Stoichiometry of the upward nutrient fluxes (Figure 4) relative to 
PO4. (a, b) macronutrient flux stoichiometry (mol mol-1) and (c – f) 
micronutrient flux stoichiometry, (mmol mol-1) into the local mixed layer during 
winter-time entrainment. Data in the subtropical North Atlantic Ocean along 
GEOTRACES transect GA03 (Schlitzer et al., 2017). Errorbars reported result 
from uncertainty in the air-sea exchange parameterization (Wanninkhof, 2014) 
used to infer vertical diffusivity. Shaded regions highlight the cellular trace 
metal stoichimonetry of diatoms (magenta) and that of picoplankton and 
flagellates (green), data from Twining et al. (2015). Note the cellular Zn/PO4 of 
diatoms is greater than 4 mmol mol-1 and does not appear in (c). 
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gradients in Co and hence increasing the vertical flux. Additionally, surface maxima 
in Co profiles to the west are eroded by winter-mixing, inducing a negative flux 
(Figure 10e). The inferred vertical flux of Fe and Mn is generally negative throughout 
subtropical North Atlantic (Figures 4.10f, 4.10g). Negative fluxes estimated here are 
indicative of these elements exhibiting scavenged type vertical profiles. Both Fe and 
Mn are deposited at the surface via dust in the region (Jickells et al., 2016), 
establishing seasonal surface maxima that are diluted during winter entrainment 
(Rigby et al., 2020). In the case of Mn, surface concentrations can be buffered against 
removal by the photoreduction of manganese oxides (Sunda and Huntsman, 1994).  
 
The resource stoichiometry in the vertical nutrient flux enables insight into the relative 
differences in vertical fluxes and exhibits considerable variation, both spatially and 
between resources. The NO3/PO4 flux is maximal in the center of the North Atlantic 
subtropical gyre (Figure 4.11a), driven by a deepening of the phosphocline 
(dPO4/dzmax) relative to the nitracline (dNO3/dzmax), meaning subsurface nitrate stocks 
are more easily accessed by mixing. The lowest NO3/PO4 flux, 18 mol/mol, is located 
towards the Mauritania upwelling zone in the east. Si/PO4 shows the opposite structure 
to NO3/PO4, decreasing from the western boundary to the center of the gyre, where 
Si/PO4 becomes negative, highlighting a surface maximum in Si (Figure 4.11b). 
Zn/PO4 is greatest in the Gulf Stream where deep winter mixed layers are able to 
access Zn stocks (Figure 4.11c), however in the central and eastern gyre Zn/PO4 is 
reduced due to the reversible scavenging of Zn which does not affect PO4 (Weber et 
al., 2018) or lack of Zn in waters originating in the Southern Ocean which influence 
the eastern region of the transect (Wyatt et al., 2014, Jenkins et al., 2015). Co/PO4 
shows a similar distribution to NO3/PO4, where the maxima are found in the center of 
the gyre (Figure 4.11d). At the western boundary, Co/PO4 is negative due to an 
enrichment of Co in the upper water column inducing small negative Co flux. Towards 
the eastern boundary, expected increases in Co/PO4, as Co is sensitive to low oxygen 
conditions, are masked by contemporaneous increases in PO4 due to the upwelling of 
major nutrient rich deep waters. Both Fe/PO4 and Mn/PO4 show negative 
stoichiometric fluxes due to the scavenged type nature of Fe and Mn resource profiles 
(Figures 4.11e, f). The spatial pattern in the Fe/PO4 and Mn/PO4 fluxes cause the 
availability of Fe and Mn to decrease non-uniformly across the subtropical North 






Figure 4.12. (a) Inferred vertical diffusivity (m2 s-1) used to calculate the 
upwards (b – d) macronutrient flux (mmol m-2 d-1) and (e – h) micronutrient 
flux (µmol m-2 d-1) into the productive region of the water column. Data in 
the equatorial Pacific Ocean along GEOTRACES transect GP16 (Schlitzer et 
al., 2017). Errorbars reported result from uncertainty in the air-sea exchange 
parameterization (Wanninkhof, 2014) used to infer vertical diffusivity. 
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4.4.4 Pacific Productive Zone 
 
4.4.4.1 Inferred Diapycnal Mixing 
 
In previous sections (Section 4.1.1) we have discussed the inferred Kz between the 
local mixed-layer depth and winter mixed-layer depth. To estimate resource fluxes 
into the Pacific productive zone, Kz is recalculated using the upwards helium flux and 
vertical gradients in the low chlorophyll layer. The median inferred Kz into the 
productive region of the water column is 1.1 × 10-3 m2 s-1 (interquartile range = 0.7 – 
3.0 × 10-3 m2 s-1). The inferred Kz into the productive region is larger (Figure 4.12a) 
and less variable than Kz between the local and winter MLD in the same region (Figure 
4.4c) due to seasonal detrainment (shoaling) in the winter MLD at the time of 
sampling. However, comparison between the median estimates of inferred Kz is 
difficult due to the availability of observations in the vertical dimension. For instance, 
at the most western station, helium measurements are available between the isopycnal 
at the base of productive region and that plus 1 kg m-3; however, there is insufficient 
data to estimate Kz between the local and winter mixed-layer depth. Nevertheless, we 
are able to estimate the resource flux into the productive region where sufficient 
helium measurements are available to calculate Kz.  
 
4.4.4.2 Resource Flux and Flux Stoichiometry to Biota  
 
In the equatorial Pacific, the vertical flux of resources varies spatially and between 
resource. The upward flux of NO3 through the low chlorophyll layer follows a similar 
structure to the inferred Kz, where large NO3 fluxes occur alongside high Kz estimates 
west of -100oE (Figure 4.12b). Both inferred Kz and the NO3 flux increase eastward 
of -100oE. There is a mismatch between the magnitude of the NO3 flux to similar Kz 
values due to spatial changes in gradient of the NO3 vertical profile. The PO4 flux 
distribution is akin to NO3, reflecting high Kz estimates in the west and weaker vertical 
gradients in the east (Figure 4.12c). The Si flux increases eastward along the equatorial 
pacific transect. The increase is driven by depleted upper waters to the west, meaning 
vertical gradients within the defined density stratum are insufficient to cause a vertical 
flux, however, towards the east of the transect, vertical Si gradients exist in upper 
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waters and drive an upwards flux (Figure 4.12d). Overall, NO3 and PO4 fluxes show 
similar distributions, while the Si flux increases eastward.  
 
The vertical fluxes of trace-elements demonstrate a range of spatial structures in the 
equatorial Pacific. The Zn flux shows little spatial structure or concurrence to high Kz 
estimates (Figure 4.12e). The Co flux decreases from west to east, indicating the Co 
vertical profile transitions from nutrient like in the west to scavenged like in the east 
(Figure 4.12f). The scavenged-like profile of Co in the east is linked to the sensitivity 
of Co to the low oxygen environment located beneath the main thermocline (Figure 
4.8). Fe is depleted in the upper waters of the equatorial Pacific resulting in low Fe 
flux estimates, however; the upwards Fe flux increases at the continental margin due 
to sedimentary inputs of Fe at depth forming gradients in the Fe vertical profile (Figure 
4.12g). The Mn flux is downwards throughout the section, indicative of the expected 
scavenged type nature of Mn, while the magnitude of the Mn flux is set by the Kz 
estimate (Figure 4.12h). Overall, resource fluxes exhibit differing spatial structures, 
linked to the inferred Kz and underlying processes, such as redox chemistry in oxygen 
minimum zones and marginal inputs, which drive the individual resource 
distributions. 
 
The stoichiometry of a given resource flux relative to the PO4 flux emulates the 
relationship between the resource and PO4 within the selected density bounds. The 
NO3/PO4 flux into the productive layer decreases from the west to the center of the 
transect, then increases towards the Peruvian upwelling zone (Figure 4.13a). This 
spatial structure indicates the nitracline is shallower at the edges of the transect, 
relative to the phosphocline. Si/PO4 shows a clear increase from west to east as the 
upper water column is deplete in Si to the west and Si nutricline shoals eastward 
relative to the phosphocline (Figure 4.13b). The Zn/PO4 flux stoichiometry is 
inconsistent as the low absolute fluxes in both Zn and PO4 are highly sensitive to small 
gradients in the vertical resource profile (Figure 4.13c). Co/PO4 decreases from east 
to west as Co transitions from a nutrient-type to a scavenged-type vertical profile while 
PO4 remains nutrients type (Figure 4.13d). Fe/PO4 shows a distribution similar in 
structure to that of Si/PO4, where the flux stoichiometry is relatively low in the open 
ocean and increases towards the ocean margin (Figure 4.13e). Si and Fe exhibit similar 
patterns in absolute flux, however, the resource fluxes are driven by different 
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mechanisms as discussed above. Mn/PO4 is negative throughout, meaning that while 
Mn concentrations are diluted, PO4 concentrations increase (Figure 4.13f).  
 
The data used in this study represent two different oceanographic regimes, leading to 
stark differences in the resource fluxes (Figure 4.10, 4.12). The vertical fluxes of NO3 
and PO4 are a factor ~2 smaller in the equatorial Pacific than in the subtropical North 
Atlantic, while the vertical Si flux is similar between regions. In contrast, Zn and Mn 
fluxes are a factor ~5 smaller in the equatorial Pacific than the subtropical North 
Figure 4.13. Stoichiometry of the upward nutrient fluxes relative to PO4. (a, b) 
macronutrient flux stoichiometry (mol mol-1) and (c – f) micronutrient flux 
stoichiometry (mmol mol-1) into the productive region of the water column. 
Data in the equatorial Pacific Ocean along GEOTRACES transect GP16 
(Schlitzer et al., 2017). Errorbars reported result from uncertainty in the air-sea 
exchange parameterization (Wanninkhof, 2014) used to infer vertical 
diffusivity. 
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Atlantic and Co and Fe fluxes are a factor ~10 smaller in the equatorial Pacific than 
the subtropical North Atlantic. Therefore, the stoichiometry of the vertical fluxes is 
varied between the regions studied. Generally, the vertical resource flux is depleted in 
Zn, Co, Fe and Mn relative to PO4 in the equatorial Pacific compared to subtropical 
North Atlantic.  
 
4.5 Discussion  
 
4.5.1 Inferred Effective Kz from Transect Studies 
 
Our results demonstrate that the winter-time entrainment of thermocline waters into 
the mixed layer increases the physical transfer of properties by a factor of ~7.  Previous 
studies have also investigated the seasonal cycle in Kz (Wu et al., 2011, Whalen et al., 
2015). From 300 m to 1800 m depth, a seasonal cycle in Kz has been observed in the 
Southern Ocean (Wu et al., 2011). The seasonal cycle in Kz is attributed to concurrent 
changes in wind stress and is more pronounced in the upper ocean, the largest change 
in Kz is found from 300 m to 600 m, where Kz increases by a factor ~2 from autumn 
to winter (Wu et al., 2011). Similarly, Whalen et al. (2015) demonstrated that the 
seasonal cycle in Kz increases mixing by a factor 2 – 5 from 300 m to 900 m in mid-
latitudes due to the prevalence of storms. In this study, we focus on depths shallower 
than 300m and hence the seasonal cycle of the mixed layer is included in our 
calculation of Kz, and therefore increases seasonality in Kz. The seasonal cycle 
apparent in Kz is important when considering the temporal extrapolation of single 
point data provided by ocean transect studies, particularly in regions where deep 
mixed layers occur.  
 
In this study, physical processes acting during the two oceanographic transects 
included are in contrast and directly comparing their upper ocean resource 
distributions is complex. In the subtropical North Atlantic transect, the mixed layer is 
deepening, and winter-time entrainment therefore plays an important role in setting 
mixed-layer resource stocks. However, in the equatorial Pacific entrainment is 
inactive and the transfer of resources from the thermocline to the mixed layer is 
diminished. While we are able to demonstrate the importance of entrainment when 
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interpreting upper ocean distributions in the subtropical North Atlantic, applying our 
finding to the global ocean is challenged by regional differences in the amplitudes of 
annual mixed-layer cycles. For example, in the sub-tropical North Atlantic, the mixed-
layer depth varies from 31 m in August to 142 m in March, in contrast, the annual 
maximum mixed-layer depth extends to ~500 m in the high latitude North Atlantic 
(Holte et al., 2017). Therefore, as the amplitude of the mixed layer may be greater or 
smaller than our study site, the increase in the physical transfer of properties during 
periods of entrainment is greater or less than ~7, respectively. This has important 
implications in driving seasonality in the delivery of resources to the mixed layer and 
subsequent phytoplankton growth. Further, our results demonstrate the need to 
consider the dominant physical processes at the time of observation when interpreting 
and comparing snapshots of the upper ocean. 
 
4.5.2 Linkages Between the Oxycline and Nutriclines  
 
Vertical resource fluxes are established by Kz and gradients in the vertical profiles of 
resources. Results in the subtropical North Atlantic and equatorial Pacific provide 
insights into the relationships between the strength of oxygen gradients and vertical 
resource gradients. Generally, the magnitude of resource gradients is linked to the 
strength of oxygen gradients in both transects. NO3, PO4 and Si show inverse 
relationships with oxygen, suggesting preformed resources or local regeneration at 
depth are important in both regions (Figure 4.7). There are regional differences in the 
relationships of each trace-metal with oxygen. Zn gradients demonstrate a weak 
correlation with oxygen gradients (R2 = 0.4, GA03, and R2 = 0.09, GP16), however; 
in the subtropical North Atlantic there are systematic contrasts in the east and west 
(Figure 4.7). In the west, Zn gradients and oxygen gradients are negatively correlated, 
while the reverse is true in the east. Zonal differences in the distribution of Zn have 
been attributed to the relative influence of water masses in the region (Roshan and 
Wu, 2015). In the west, both Atlantic Equatorial Water and North Atlantic Central 
Water influence the water column equally, while in the east, Atlantic Equatorial Water 
is not present (Roshan and Wu, 2015). Poor correlations of Zn with oxygen in the 
subtropical North Atlantic are observed in this study and Roshan and Wu (2015) and 
are mirrored in the equatorial Pacific (Figure 4.9). Stronger Co gradients coincide with 
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stronger oxygen gradients in the equatorial Pacific compared to the subtropical North 
Atlantic. In the subtropical North Atlantic, the influence of oxygen on Fe is unclear 
due to the role of other processes, such as aeolian deposition and marginal inputs, in 
regulating Fe availability. However, in the equatorial Pacific, Fe gradients and oxygen 
gradients demonstrate a clear linkage, excluding data near the continental margin 
where sedimentary inputs mask the role of oxygen gradients. The relationship between 
Mn gradients and oxygen gradients is opposite in the subtropical North Atlantic and 
equatorial Pacific, where Mn gradients strengthen and weaken respectively as oxygen 
gradients increase. Overall, our results demonstrate that there are links between Zn, 
Co, Fe and Mn gradients with oxygen gradients, however those links are not causal. 
 
4.5.3 Contextualising Vertical Resource Fluxes  
 
The supply of resources to the mixed layer in the subtropical North Atlantic by winter-
time entrainment is augmented by aeolian deposition (dust). We calculate soluble 
resource supply based on an aeolian deposition model (Mahowald et al., 2005), crustal 
ratios (Rudnick and Gao, 2003) and mineral solubility measured during the GA03 
expedition (Shelley et al., 2018). In the subtropical North Atlantic, the rate at which 
NO3, PO4 and Si are deposited at the surface is less than 1% of the rate at which they 
are transferred across the base of the mixed layer by physical mixing processes, 
highlighting the role of entrainment in replenishing depleted macronutrient stocks 
(Table 4.1). The daily supply of micronutrients Zn and Co the mixed layer via dust is 
outweighed by the supply via physical mixing as dust is depleted in both Zn and Co. 
While dust is consider as a major source of Fe to the subtropical North Atlantic 
(Jickells et al., 2005, Baker and Jickells, 2017), the soluble Fe supply from lithogenic 
sources is 0.28 ± 0.39 µmol m-2 d-1, while the Fe loss through physical processes is 
1.7 ± 2.58 µmol m-2 d-1 (Figure 4.10, Table 4.1). The mismatch is partially explained 
by considering that winter-time entrainment is active for up to 6 months per year, 
whereas dust is deposited at the surface ocean throughout the year. Dust derived 
surface Fe stocks accumulate in the shallow summer-mixed layer before winter-time 
entrainment effectively washes out the surface maxima. Like Fe, the loss of Mn during 
the physical exchange (14  ± 30 µmol m-2 d-1) between the surface mixed-layer and 
thermocline does not equate to the input from dust (0.048 ± 0.063 µmol m-2 d-1). 
 120 
Additional processes are required to maintain mixed-layer Mn stocks, such as lateral 
transport from margins and the photoreduction of manganese-oxides (van Hulten et 
al., 2017). Generally, the magnitude of resource supply via vertical transport estimates 
outweighs estimates of dust inputs to the mixed layer.   
 
The subtropical North Atlantic experiences episodic dust storm events throughout the 
year, culminating in some of the largest short-term (hours to days) dust fluxes over the 
global open ocean (Duce and Tindale, 1991, Aumont et al., 2008). During the 
collection of data in the subtropical North Atlantic, equipment was blanketed by a 
layer of North African dust (Boyle et al., 2015a). The loss of Fe during entrainment 
calculated in this study therefore reflects downward transport following an extreme 
dust event. However, dust deposition rates are sourced from an annual deposition 
model which distributes dust evenly throughout the year and therefore does not 
account for the episodic nature of deposition events. Hence, caution must be taken 
when comparing estimates of resource supply from single point observations with 
output from annual deposition fields. 
 
In contrast to the subtropical North Atlantic, the supply of resources to biota in the 
equatorial Pacific via dust is minimal due to a lack of proximal arid regions (Jickells 
et al., 2005). Instead, internal recycling and the offshore transport of sedimentary-
derived resources plays an important role in fueling primary production in the upper 
Table 4.1. Flux of NO3, PO4 and Si (all mmol m-2 d-1), Zn, Co, Fe and Mn 
(all µmol m-2 d-1) into the surface mixed layer via soluble dust deposition 
and vertical transport during the GA03 cruise. 
Dust Vertical Transport
NO3 0.080 ± 0.078 17 ± 21
PO4 0.000099 ± 0.000130 0.71 ± 0.62
Si 0.015 ± 0.020 1.9 ± 2.8
Zn 0.0030 ± 0.0045 0.24 ± 0.63
Co 0.00031 ± 0.00040 0.22 ± 0.52
Fe 0.28 ± 0.39 -1.7 ± 2.6








water column (Vedamati et al., 2014, Rafter et al., 2017). However, export must be 
replenished by external supply pathways over long time periods, meaning physical 
transfers into the productive zone, such as those estimated in this study, are important 
to sustain growth. 
 
4.5.4 Are Resource Fluxes Governed by Kz or Nutriclines? 
 
In the previous section, we argue that the physical transfer of resources from the 
thermocline to the mixed layer is crucial in maintaining nutrient stocks. The physical 
flux is derived from Kz, which varies spatially (Figure 4.5), and vertical resource 
gradients, which varies spatially and between resources (Rigby et al., 2020). We apply 
a linear model to calculate the resource flux as a function of normalized vertical 
resource gradients and Kz (Table 4.2). The linear model performs well (p < 0.05, 95% 
confidence interval) in 22 of the 32 measured variables (Kz and resource gradients, 
repeated for each resource) in Table 4.2. However, NO3 and Co are the only resources 
where the linear model successfully operates in both regions (p < 0.05, 95% 
confidence interval, NO3 R2ATLANTIC = 0.97, NO3 R2PACIFIC = 0.83, Co R2ATLATIC                 
= 0.93, Co R2PACIFIC = 0.70). In the subtropical North Atlantic, Kz causes most 
variability in the resource flux of NO3, Zn, Co and Mn, while vertical gradients and 
Table 4.2. Coefficients from the linear model applied to the resource flux, 
modelled as a function of normalized vertical diffusivity (Kz) and normalized 
resource gradients (d[N]/dz). Red values highlight linear models where a 
confidence interval of 95% is not met. Data from the GEOTRACES 2017 
Intermediate Data Product (Schlitzer et al., 2017), located in the subtropical 
North Atlantic (GA03) and equatorial Pacific (GP16).  
GA03 GP16
Kz d[N]/dz R2 Kz d[N]/dz R2
Resource 
Flux
NO3 0.70 0.26 0.97 0.89 0.77 0.83
PO4 0.35 0.34 0.75 0.74 0.55 0.48
Si -0.05 0.65 0.72 0.16 0.30 0.06
Cd -1.03 1.02 0.77 1.01 0.35 0.88
Zn 1.75 0.08 0.69 0.68 0.45 0.61
Co 1.28 0.27 0.93 1.17 0.69 0.70
Fe 0.80 0.92 0.58 -1.29 1.56 0.35
Mn 1.21 0.36 0.98 1.20 0.05 0.98
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Kz play near equal roles in modulating the fluxes of PO4 and Fe. In the equatorial 
Pacific, Kz causes most variation in the vertical flux of Cd and Co, while the NO3 
physical flux is influenced by Kz and the vertical NO3 gradient equally. In the 
subtropical North Atlantic, the linear model produces coefficients for vertical 
gradients that is 37% and 21% of the coefficient for mixing in the case of NO3 and 
Co, respectively. In contrast, the linear model coefficient for vertical gradients causing 
resource flux variability in the equatorial Pacific is 87% and 59% of the physical 
mixing coefficient in the case of NO3 and Co, respectively. This result demonstrates 
the greater role of mixing in establishing vertical resource fluxes in the subtropical 
North Atlantic compared to the equatorial Pacific, where the relative role of vertical 
resource gradients is increased.  
 
4.5.5 Impact of Resource Fluxes on Biota  
 
In the subtropical North Atlantic, direct measurements of the resource composition of 
specific phytoplankton were taken using synchrotron x-ray fluorescence methods 
allowing a direct comparison between the trace element resource fluxes and biological 
accumulation to highlight regions of resource deficiency (Twining et al., 2015). In 
general, there are taxon specific and element specific differences in the mismatch 
between the resource supply stoichiometry and cellular accumulation. The upwards 
Zn/PO4 flux throughout the Atlantic dataset is well below the cellular stoichiometry 
of diatoms (12 ± 3 mmol/mol) throughout the Atlantic section, meaning supply is 
deficient in Zn relative to PO4 (Figure 4.11). The cellular Zn/PO4 accumulation of 
picoplankton (1.8 ± 0.2 mmol/mol) and flagellates (1.2 ± 0.3 mmol/mol) matches the 
Zn/PO4 supply stoichiometry in the western boundary, however upwards supply to the 
central and eastern gyre is Zn deficient. The upwards Co/PO4 flux is deficient in Co 
for diatoms (3.1 ± 1.2 mmol/mol) throughout the subtropical North Atlantic gyre, but 
Co/PO4 fluxes are similar to picoplankton (0.15 ± 0.04 mmol/mol) and flagellate (0.04 
± 0.01 mmol/mol) accumulation for much of the transect (Figure 4.11). Negative 
Fe/PO4 and Mn/PO4 fluxes signify a loss of Fe and Mn relative to PO4. The physical 
Fe/PO4 downward flux is generally smaller than Fe/PO4 accumulation in diatoms (75 
± 15 mmol/mol), picoplankton (5.0 ± 0.4 mmol/mol) and flagellates (5.0 ± 0.9 
mmol/mol), meaning uptake by biota is a greater sink of Fe than downward mixing, 
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relative to changes in PO4 due to biological uptake and downward mixing (Figure 
4.11). The reverse of Fe/PO4 is true for Mn/PO4, where the downward flux of Mn/PO4 
far exceeds the typical accumulation in biomass (diatoms = 75 ± 15 mmol/mol, 
picoplankton = 5.0 ± 0.4 mmol/mol, flagellates = 5.0 ± 0.9 mmol/mol). Overall, our 
results suggest that diatom accumulation rates exceed the upward resource of Co and 
Zn relative to PO4, while the accumulation by flagellates and picoplankton is deficient 
in Zn, relative to PO4, in the central and eastern gyre. Previous studies have 
demonstrated that biota in the subtropical North Atlantic are primarily NO3 deficient 
and secondarily PO4 deficient (Moore, 2016). In this study, we find Co or Zn 
deficiency in the upwards flux by comparisons to cellular accumulation, meaning 
biota are reliant upon additional resource supply pathways to augment the supply of 
Co and Zn by vertical mixing.  
 
In the equatorial Pacific, measurements of phytoplankton cellular composition 
concurrent with resource observations are unavailable. However, we apply the N-Fe 
proxy identified by Browning et al. (2017a) to our estimates of vertical resource supply 
through the low chlorophyll layer to gauge the prevalence of singular-, serial-, or co-
Figure 4.14. Transition in nutrient limitation category in the upwards supply 
to the productive zone in the equatorial Pacific (GP16), defined as the region 
with elevated fluorescence. Limitation is defined following the formulation in 
Browning et al. (2017). Data from the GEOTRACES 2017 Intermediate Data 
product (Schlitzer et al., 2017). 
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limitation by N and Fe (Figure 4.14). In the center of the equatorial Pacific section, 
resource supply into the productive zone is singularly Fe limited. Fe-limitation is 
reduced with proximity to the continental margin, where resource supply becomes Fe-
N serial limited. The transition in the N-Fe limitation proxy demonstrates that the 
upward resource flux is generally richer in Fe compared to NO3 towards the 
continental margin. Changes in the NO3/Fe flux stoichiometry are induced by 
differences in the gradients of Fe and NO3. Moving eastward, gradients in Fe 
strengthen relative to gradients in NO3, meaning the vertical flux is richer is Fe 
towards the east, thus reducing the potential for Fe limitation. The vertical flux of Fe 
is important as intense chlorophyll maxima are located at depth in the region and the 
adaptation of phytoplankton to low light at depth requires additional Fe (Sunda and 
Huntsman, 1997). Therefore, the upwards flux in the eastern equatorial Pacific is 
better able to support high Fe demands of phytoplankton located in the subsurface 
chlorophyll maxima.  
 
4.5.6 Wider Considerations 
 
Climate projections over the next century project an overall increase in ocean 
stratification (Lefebvre and Goosse, 2008, Sen Gupta et al., 2009, Capotondi et al., 
2012). Enhanced stratification causes a decrease in vertical exchange. The linear 
model applied in this study (Table 4.2) demonstrates that resource fluxes differ in 
sensitivity to changes in mixing between resource, while regional contrasts are also 
important. In a system where both mixing and vertical gradients vary, some resources 
are more sensitive to changes in mixing. For example, in the subtropical North 
Atlantic, NO3, Zn, Co and Mn are highly sensitive to changes in mixing rather than 
changes in their vertical gradients (Table 4.2), meaning future changes in mixing may 
induce a stronger response in the fluxes of NO3, Zn, Co and Mn compared to PO4 and 
Fe. This result has important implications in the Fe replete subtropical North Atlantic, 
where a reduction in NO3 supply from below accompanied by relatively smaller 
changes in PO4 and Fe supply enhances the niche for nitrogen fixing phytoplankton 
by elevating the Fe/N and P/N supply ratio (Ward et al., 2013). In the equatorial 
Pacific, resource fluxes are less sensitive to changes in mixing, meaning that the 
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implications of reduced mixing in warming ocean will be largely controlled by 
changes in vertical resource profiles and their vertical gradients.  
 
In this study, oxygen gradients are linked to gradients in vertical resource profiles 
(Figure 4.7, 4.9). Historical reconstructions of upper ocean oxygen content over the 
past 50 years have demonstrated a decrease in the oxygen content in most regions of 
the global ocean (Stramma et al., 2008, Schmidtko et al., 2017, Bindoff et al., 2019). 
The decrease in oxygen content is primarily due to two processes: (1) warming and 
the associated reduction in oxygen solubility, and (2) an increase in stratification 
which reduces ventilation, promoting interior respiration and the consumption of 
oxygen at depth (Bindoff et al., 2019). Changes to the distribution of oxygen has 
important consequences for the cycling of resources which are affected by oxygen. 
For example, in the equatorial Pacific, the 0.05 mmol m-3 oxygen contour, which is an 
important threshold for denitrification and the accumulation of nitrite (Thamdrup et 
al., 2012), extends from the coastal upwelling site to -100oE at present (Figure 4.8). 
However, as OMZ expand by volume, the 0.05 mmol m-3 oxygen contour may extend 
westward, affecting the distribution of nitrogen-species and denitrification.  
 
As OMZs expand, vertical gradients in oxygen will alter, shifting vertical gradients of 
trace-element resources and thereby altering the associated resource flux. In the case 
of water where subsurface oxygen levels are below detection limits (for example, 
eastern equatorial Pacific), the future warming and reduction in solubility will 
decrease oxygen content at the surface, causing a reduction in the vertical gradient of 
oxygen. The decrease in oxygen gradients causes a similar decrease in the vertical 
gradients of Co, Fe and Mn (Figure 4.9), reducing their vertical flux. In contrast, 
numerous studies have demonstrated that the subsurface ocean (100m – 600m depth) 
is losing oxygen at a greater rate than the surface layer (0m – 100m), causing an 
increase in vertical oxygen gradients (Helm et al., 2011, Ito et al., 2017, Schmidtko et 
al., 2017). In this case, the increase in vertical oxygen gradients would cause an 
increase in vertical Co, Fe and Mn gradients and increase the resource flux. However, 
global models tend to project overall decreases in net primary production (Bopp et al., 
2013, Laufkötter et al., 2015, Bindoff et al., 2019), demonstrating that sharper resource 
gradients do not mitigate against projected increases in stratification in reducing the 
resource flux. This hypothesis is future supported by the linear model results presented 
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in Table 4.2 which show Kz plays the dominant role in setting resource fluxes. In 
summary, the response of vertical resource gradients to future changes in oxygen 
distributions varies between resource and scenario, with important consequences that 




In this study, we quantify the physical transfer of resources into the upper ocean from 
in-situ observations in the subtropical North Atlantic and equatorial Pacific. The 
underlying physical processes acting in each region are in contrast. Winter-time 
entrainment is active in the subtropical North Atlantic only, which leads to a factor 7 
enhancement in the transfer of properties through the base of the mixed layer. We 
show that broad patterns in the supply of resources to the upper ocean are dependent 
upon physical mixing and vertical gradients in key resources, which are shaped by 
underlying physical and biogeochemical processes, such as the vertical oxygen 
gradient. NO3, PO4, Si and Co exhibited a clear relationship with oxygen in the 
subtropical North Atlantic. Relationships between NO3, PO4, Si, Co, Fe and Mn and 
oxygen differ in the equatorial Pacific, due to regional differences in their 
biogeochemical cycling. In the subtropical North Atlantic, NO3, PO4 and Si physical 
fluxes are greater towards gyre boundaries, Zn fluxes decrease eastward, while Co 
fluxes increase eastward. Physical mixing decreases the availability of scavenged 
resources Fe and Mn in the mixed layer. Resource flux structures are less clear in the 
equatorial Pacific. Our results show that vertical gradients play a greater role in 
causing resource flux variability in the equatorial Pacific compared to the subtropical 
North Atlantic where the effective Kz dominates. This has important implications 
when considering how future changes to stratification and oxygen minimum zones 
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Study Motivation  
 
The importance of rough topographic features, such as mid-ocean ridges and sea 
mounts, in elevating diapycnal diffusivity is widely accepted (Whalen et al., 2012, 
Tuerena et al., 2019). However, the importance of topographical depth in governing 
upper ocean mixing and driving changes in the vertical flux of key macro- and micro-
nutrients had yet to be quantified. In this work, vertical microstructure profiler 
observations from the Ridgemix programme and resource observations from the 
FRidge programme were combined to quantify differences in resource fluxes between 
two topographic sites. While an increase in mixing at the shallow site was observed, 
a similar increase in resource flux estimates was not. We therefore focused on 
determining the biological and physical drivers for the vertical resource profiles, 
which proved to be key in modulating the resource fluxes. This finding prompted a 
wider hypothesis on the importance of changes to vertical gradients in resource 
profiles during periodic processes and over long-term change. 
 
Key Points  
 
• In the upper 1000 m, diapycnal diffusivity is a factor ~2 greater at a shallow 
topographic site (z = 2673 m) compared to a deep topographic site (z = 3553 
m) along the Mid-Atlantic Ridge. 
• The pairing of vertical microstructure profiler measurements with vertical 
resource profiles from seasonally differing field campaigns should be based on 
the geographic positions and external forcing from the wind and tides.  
• Changes in vertical fluxes due to increases in diapycnal diffusivity are 
mitigated by weaker gradients in vertical resource profiles, which are 
influenced by regeneration and supply by remote water masses.  
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5.1 Abstract  
 
The physical supply of resources to the upper ocean is key in sustaining primary 
productivity and carbon export over long time periods. Interactions between the 
internal tide and rough topography of the ocean floor are known to elevate diapycnal 
mixing over mid-ocean ridges, increasing the vertical upward transport of nitrate to 
the subsurface chlorophyll maximum. However, the role of topographic depth in 
regulating vertical trace element fluxes remains unexplored. Here we show diapycnal 
mixing in the thermocline is greater where the vertical spacing between the 
thermocline and mid-Atlantic ridge is narrower, but the vertical resource flux is 
modulated by gradients in their associated vertical profiles. We use in-situ vertical 
microstructure profilers to quantify diffusivity (Kz) as 0.50 x 10-5 (0.39 x 10-5 – 0.67 
x 10-5) m2 s-1 and 0.92 x 10-5 (0.71 x 10-5 – 1.3 x 10-5) m2 s-1 in the upper 1000 m at 
deep and shallow sites along the mid-Atlantic ridge, respectively. By combining these 
Kz profiles with in-situ observations of nitrate, phosphate, silicic acid, dissolved iron, 
dissolved manganese and dissolved aluminium, we demonstrate that the enhancement 
in Kz does not necessarily result in larger vertical resource fluxes. This is because the 
response of resource fluxes to an increased Kz over shallow topography is mitigated 
by weaker vertical resource gradients, due to a range of biological and physical 
processes associated with regeneration and the contribution of different water-masses. 
We find diapycnal exchanges supply the nutrient-type resources nitrate, phosphate and 
silicic acid to the upper ocean, while the surface maxima in scavenged-type resources 
manganese and aluminium are eroded. Diapycnal exchanges deliver iron to the upper 
ocean at the northern shallow topographic site and remove iron at the southern deep 
topographic site, highlighting the importance of horizontal gradients. Overall, while 
the spacing between topographic features and the thermocline influences diapycnal 
exchanges, however local vertical gradients in resources must also be considered in 





Resources, including nitrate (NO3), phosphate (PO4), silicic acid (Si), iron (Fe) and 
manganese (Mn) are required by marine phytoplankton to maintain growth and 
cellular functions (Falkowski et al., 1998, Sunda, 1989, Twining and Baines, 2013). 
However, key resources are exported from the upper ocean as unrecycled material 
sinks to below the euphotic zone (Martin et al., 1987, Boyd et al., 2019). For instance, 
in the oligotrophic subtropical North Atlantic, the carbon export flux from the primary 
production zone has been estimated as 0.8  0.7 mmol C m-2 d-1 (Owens et al., 2015). 
Resources are replenished in the upper ocean by external supply pathways, including 
winter-time entrainment (Rigby et al., 2020, Tagliabue et al., 2014), aeolian deposition 
(Jickells et al., 2016, Baker and Jickells, 2017), lateral advection (Williams et al., 
2006) and diapycnal diffusion (Rijkenberg et al., 2012, Painter et al., 2014).  
 
Vertical gradients in the resource vertical profiles combined with the diapycnal 
diffusivity (Kz) induces resource transport down concentration gradients. The 
magnitude of the overall vertical diapycnal diffusion flux is the product of Kz and the 
depth derivative of the resource concentration (dR/dz). In the ocean interior, Kz is 
primarily maintained by power inputs from internal tides and surface wind stress 
(Egbert and Ray, 2000, Alford, 2003). Estimates of Kz vary from 10-6 to 10-5 m2 s-1 in 
the quiescent deep ocean to 10-4 to 10-2 m2 s-1 in the upper ocean and around 
topographical features such as ocean ridges and sea mounts (Ledwell et al., 1998, 
Martin et al., 2010, Whalen et al., 2015, Tuerena et al., 2019). The magnitude of Kz is 
affected by surface wind forcing (Whalen et al., 2018) and tidal forcing (Munk and 
Wunsch, 1998, Waterhouse et al., 2014, Kunze, 2017, Vic et al., 2019), where Kz is 
larger at high wind speeds (Whalen et al., 2012) and spring tides when close to 
topography (Tuerena et al., 2019). Wind stress generates near-inertial internal waves 
at the base of the surface mixed-layer, which radiate downward into the ocean interior 
and result in turbulent mixing (Alford et al., 2016). The internal tide interacts with the 
Mid-Atlantic Ridge to release tidal energy which is available for diapycnal mixing 
(Vic et al., 2018). For instance, in the upper 500 m, Kz is larger over the Mid-Atlantic 
Ridge by a factor of 4 to 10 compared to Kz estimates in adjacent deeper waters, 
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subsequently increasing the on-ridge supply of NO3 to the deep chlorophyll maxima 
(Tuerena et al., 2019).  
 
NO3, PO4 and Si are examples of nutrient-type resources, Mn and Al are scavenged-
type resources, while Fe is a hybrid-type resource (Tagliabue, 2019). Generally, 
nutrient-type resources are depleted in surface waters due to biological uptake and are 
regenerated at depth. Regeneration rates are measured by Apparent Oxygen Utilisation 
(AOU), which estimates the undersaturation of oxygen at depth due to bacterial 
consumption during organic matter remineralisation (Redfield, 1934, Anderson and 
Sarmiento, 1994). Nutrient-type resources are influenced by remote water masses at 
depth. Antarctic Intermediate Water, rich in Si, is subducted in the Southern Ocean 
and propagates to low latitudes where diapycnal processes cause the vertical transfer 
of end-member properties (Sarmiento et al., 2004). Scavenged-type resources exhibit 
surface maxima and concentrations decrease with depth. In the subtropical North 
Atlantic, surface maxima in Al are used to identify regions of high dust deposition 
rates (Han et al., 2008, Measures et al., 2008). Hybrid-type resource profiles typically 
decrease in concentration from the surface to sub-surface minima and are regenerated 
at depth, driven by scavenged-type behaviour in the upper water column and nutrient-
type behaviour at depth. In the upper 150 m, Fe shows nutrient-type behaviour in the 
mid-latitude and eastern North Atlantic, while Fe exhibits scavenged-type behaviour 
elsewhere in the North Atlantic (Kunde et al., 2019). The distinct vertical profiles of 
each resource type govern the effect of Kz on diapycnal transport.  
 
The role of topographic features in increasing Kz is widely accepted (Ledwell et al., 
1998, Waterhouse et al., 2014, Whalen et al., 2015, Tuerena et al., 2019), however 
differences in Kz along mid-ocean ridges are not well understood. Variations in Kz 
linked to topographic depth could play an important role in establishing multiple 
resource supply regimes over a single large topographic feature (such as a mid ocean 
ridge), with important implications for the upper ocean biome. Further, diapycnal 
resource flux calculations along the Mid-Atlantic Ridge are yet to include scavenged-
type and hybrid-type resources and hence study the role of vertical gradients in setting 
fluxes for different resource types (Rigby et al., 2020).  
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In this study, data from two field campaigns in the subtropical North Atlantic are 
combined to estimate Kz and infer resource fluxes at two sites along the Mid-Atlantic 
Ridge. The Rainbow and Trans-Atlantic Geotraverse (TAG) hydrothermal sites are 
highly sampled topographical features and sit within the axial valley at ~2400m depth 
and ~3600m depth respectively, ideally suited to test the importance of topographical 
depth on setting upper ocean Kz. We consider the implications of changes to mixing 
and vertical resource gradients during two scenarios: the spring-neap tidal cycle and 
in a future warming ocean. We hypothesise (1) during spring tides, stronger mixing is 
augmented by stronger resource gradients to greatly increase resources fluxes and (2) 
long-term reductions in mixing are accompanied by the formation of stronger resource 
gradients which mitigate reductions in vertical resource supply due to a decrease in 
Kz.  
  
Figure 5.1. Geographical positions of VMP casts (black triangles), Rainbow 
(blue star) and TAG (red star) hydrothermal sites. Inserts show the positions of 
VMP casts (black triangle) stainless steel rosette casts (SSR, circles) and trace 
metal clean rosette casts (TMR, crosses) near to the Rainbow (blue box) and 
TAG (red box) hydrothermal sites. Data sourced from both the Ridgemix 



















5.3.1 Observational Data 
 
Data used in this study were sourced from two field campaigns in the subtropical North 
Atlantic (Figure 5.1). The RidgeMix project, May 2015 to June 2015, provides 29 
VMP casts with data available throughout the upper 1000m (see Tuerena et al., 2019, 
for a full description of RidgeMix). The GEOTRACES section GA13, December 2017 
to February 2018, deployed an additional 5 VMP casts in the study region. 
Biogeochemical observations from GA13 at the Rainbow (36.23oN, 33.90oW) and 
TAG (26.14oN, 44.83oW) hydrothermal vent sites are used here. In total, 7 stainless-
steel rosette casts and 8 trace metal rosette casts were performed in the near vicinity 
of Rainbow (within 33.55oW to 34.24oW, 35.95oN to 36.47oN). At TAG, 5 stainless-
steel rosette casts and 7 trace metal rosette casts were conducted close to the 
hydrothermal vent site (within 45.12oW to 44.55oW, 26.03oN to 26.28oN). Vertical 
profiles of NO3, PO4 and Si from both rosette systems are used to calculate diapycnal 
fluxes, while Fe, Mn and Al are available from the trace metal clean rosette system 
only. The bottom depth at each GA13 rosette cast is extracted from the ETOPO1 
global relief model (Amante and Eakins, 2009). ARGO estimates of Kz were provided 
by Whalen et al. (2018). 
 
5.3.2 Vertical Microstructure Profiler Processing 
 
Vertical microstructure profilers (VMPs) are freefalling apparatus which provide 
meter-resolution measurements of pressure, temperature, salinity and turbulent 
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where Γ is the mixing efficiency set as 0.2 which is typical for shear driven turbulence 














where g is acceleration due to gravity (9.81 m s-2), ρ is density (kg m-3) and z is depth 
(m). Vertical profiles of Kz were binned into 100m bins to reduce noise associated 
with VMP profiles and emulate the availability of ARGO Kz observations and 
biogeochemical data in the vertical. Here, bootstrap averages with 95% confidence 
intervals are reported in VMP profiles. 
 
5.3.3 Resource Profile and VMP Pairing  
 
VMP data and resource profiles exist from seasonally differing field campaigns in the 
subtropical North Atlantic. Therefore, resource profiles and VMPs are paired upon on 
the following criteria: (1) spatial separation, (2) analogous external forcing or (3) 
within the Rossby Radius of deformation. 
 
5.3.3.1 Spatial Separation 
 
The distance (in meters) from each vertical resource profile to all VMP casts was 
calculated. The spatially closest 5 VMP profiles were averaged and upper and lower 
bounds found from bootstrap fit confidence intervals.   
 
5.3.3.2 External Forcing 
 
Surface wind forcing and tidal forcing are assumed as the main driving processes 
which set the magnitude and shape of the vertical Kz profile. The turbulent dissipation 
rate of surface forcing and tidal forcing are calculated and are directly compared. 



































where ρa and ρ0 are the density of air and seawater at the surface respectively, W is 
wind speed (m s-1) extracted from the ERA5 reanalysis and shipboard measurements, 



























Figure 5.2. Tidal dissipation rate (W kg-1) in the subtropical North Atlantic 
around the Mid-Atlantic Ridge. Data from the TPXO8 tidal model (Egbert and 
Erofeeva, 2002). VMP casts (black triangles), Rainbow (blue star) and TAG (red 
star) hydrothermal sites. Geographic positions of interest from the RidgeMix 
project and GA13.  
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where ac = 1400 which links surface roughness and wave state (Charnock, 1955, Craig 
and Banner, 1994).  
 
The tidal dissipation rate from 100 m – 500 m (Figure 5.2) at each VMP and resource 
profile site is extracted from global fields produced in Tuerena et al. (2019) using the 
TPXO8 tidal model (Egbert and Erofeeva, 2002).  
 
The 5 VMP sites with most comparable external forcing to that at each resource profile 
were averaged and upper and lower bounds found from bootstrap fit confidence 
intervals.   
 
5.3.3.3 Rossby Deformation Radius 
 
The Rossby Deformation Radius (Ld) is the horizontal scale at which a physical 













where H is the thermocline thickness (m), f is the Coriolis parameter (s-1) and N is the 
buoyancy frequency (s-1), given by equation [2].  
 
5.3.3.4 Spring-Neap Tidal Cycle Contrasts During Equipment Deployment 
 
The Rainbow and TAG sites were occupied from 3rd January 2018 to 10th January 
2018 and 20th January 2018 to 27th January 2018, respectively. During the Rainbow 
occupation, the lunar phase advanced from waning gibbous to third quarter to waning 
crescent, meaning samples were captured during neap tides. At TAG, the lunar phase 
advanced from waxing crescent to first quarter to waxing gibbous, also meaning that 
samples were collected neap tides. Therefore, we assert that differences in resource 
profiles between the TAG and Rainbow sites are not caused by tidal phase differences 
in this study. A range of VMP profiles are paired with resource profiles to estimate 
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vertical resource fluxes. The most commonly paired VMPs to resource profiles at 
Rainbow were deployed on 9th June 2016, 10th June 2016, 12th June 2016, 15th June 
2016 and 22nd Jan 2018. These VMP deployments were approximately 2 days from 
the occurrence of neap tides. Similarly, at TAG, the most commonly used VMPs to 
calculate resource fluxes were deployed on 12th June 2016, 16th June 2016, 28th June 
2016 and 20th January 2018, which were approximately 2.75 days from the occurrence 
of neap tides. Overall, consideration of the time at which equipment was deployed and 
the concurrent phase of the spring-neap tidal cycle suggests that tides will have a 
minimal effect on the differences between derived resource fluxes at the TAG and 
Rainbow sites in this study. However, we acknowledge that the spring-neap tidal cycle 
does influence the magnitude of vertical mixing, particularly around regions of rough 
topography (e.g. Tuerena et al. (2019)).  
 
5.3.4 Diapycnal Resource Flux 
 
Kz is combined with vertical gradients in resource profiles to calculate the diapycnal 

















where [R] denotes a resource concentration (mol m-3). 
 
5.3.5 Water Mass Analysis 
 
Water mass contributions at the TAG and Rainbow sites were identified using 
Modified Optimum Multiparameter Analysis (MOMPA) following Jenkins et al., 
(2015). The approach uses five conservative tracers: potential temperature, salinity, 
silicic acid, N-star and P-star in combination with end-member water mass properties 
to deconstruct the water column into contributing water masses. Each conservative 
tracer is weighted to reduce dependency on tracers with larger uncertainty in sampling 




  Figure 5.3. Comparison of Kz (log10 m2 s-1) profiles using off-ridge (black) VMPs 
and VMPs around the deep TAG hydrothermal site (red) and shallow Rainbow 
hydrothermal site (blue). Upper and lower bounds (thin lines) are a 95% confidence 





5.4.1 Diapycnal Diffusivity  
 
In order to examine the role of shallow topography on upper ocean mixing, an analysis 
of off-ridge and on-ridge VMPs at Rainbow and TAG was performed, showing that 
as bottom depth decreased, Kz in the upper 1000 m increased (Figure 5.3). The mean 
bottom depth of off-ridge, deep topographic (TAG) and shallow topographic 
(Rainbow) VMP sites were 4468 m, 3289 m and 2086 m, respectively. Kz in the upper 
1000m increased from 0.29 × 10-5  (0.24 × 10-5 – 0.37 × 10-5) m2 s-1 at the off-ridge 
site, to 0.50 × 10-5 (0.39 × 10-5 – 0.67 × 10-5) m2 s-1 at the deep topographic site, to 
0.92 x 10-5 (0.71 × 10-5 – 1.3 × 10-5) m2 s-1 at the shallow topographic site. Kz is 
Figure 5.4. Comparison of tidal and surface turbulent dissipation rates (W 
kg-1) at VMP (black triangles), stainless steel rosette (SSR, circles) and trace 
metal rosette (TMR, crosses) casts. Data from SSR and TMR are from casts 
performed at the Rainbow (blue) and TAG (red) hydrothermal systems along 
the Mid-Atlantic Ridge. 29 VMP casts from RidgeMix augmented by 5 VMP 
casts from (GEOTRACES GA13), SSR and TMR data is from FRidge.  
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indistinguishable between both on-ridge sites at 300 m, however off-ridge Kz is 
notably reduced (Figure 5.3). At 500 m, there is a clear separation in the Kz profile at 
each site, showing distinct variations in upper ocean vertical mixing between deep, 
intermediate and shallow topographic sites (Figure 5.3). Between 700 m and 900 m, 
there is no clear difference in Kz between off-ridge VMPs and those at the deep 
topographic site (bootstrapped average and 95% confidence intervals), while Kz is 
elevated at the shallow topographic site. Differences in Kz between the study sites is 
caused by their external forcing mechanisms, the wind and tides.  
  
5.4.2 External Forcing of Kz 
 
At each VMP and resource profile, the tidal and surface turbulent dissipation rates 
were calculated to assess the variability in seasonally differing field campaigns (Figure 
5.4). The range of tidal turbulent dissipation rate during VMP deployments 
encompasses that during resource observations, meaning suitable estimates of mixing 
from VMPs can be applied to resource profiles based on tidal forcing alone. At 
Rainbow sites with large tidal turbulent dissipation rates (> 1 × 10-1 W kg-1), VMPs 
with comparable surface forcing are unavailable. However, across the full dataset, 
surface turbulent dissipation rates do not exceed 3 × 10-4 W kg-1, meaning surface 
forcing is negligible at high rates of tidal dissipation. At the sites of interest, TAG and 
Rainbow, tidal turbulent dissipation rate is greater than 3.1 × 10-3 W kg-1 in all cases, 
whereas the surface turbulent dissipation rate is consistently less than 2.2 × 10-4 W   
kg-1, meaning Kz is most sensitive to tidal turbulent dissipation rate at the on-ridge 
study sites. Both tidal forcing and surface forcing are used to assign Kz profiles to 
resource profiles on the basis on environmental conditions at the time of sampling, 
however that process is dominated by tidal forcing at our study sites. Tidal forcing 
remains the dominant mechanical forcing when in the vicinity of the Mid-Atlantic 
Ridge, irrespective of choice between wind speeds extracted from ERA5 reanalysis or 
wind speed measure directly from shipboard apparatus.   
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5.4.3 Choice of Spatial VMP and Resource Profile Pairing Criteria 
 
VMP profiles must be paired with resource profiles in order to calculate vertical 
resources fluxes. There are three approaches to pair VMP and resource profiles: (1) 
spatial separation, (2) external forcing and (3) within the Rossby Radius of 
deformation (Section 5.3.3). To understand the importance of the VMP and resource 
profile pairing criteria, ARGO measurements of vertical diffusivity (Whalen et al., 
2018) were explored to demonstrate how vertical profiles of Kz varied using multiple 
pairing approaches (Figure 5.5). Choice of the nearest ARGO profile to Rainbow and 
TAG is a suitable first-order Kz estimate, however provides no information on spatial 
variability in the system (Figure 5.5a). Averaging all ARGO data within one Rossby 
Radius allows for spatial variations around TAG and Rainbow to be considered 
(Figure 5.5b). Setting the criteria to all profiles within a 4o longitude by 4o latitude box 
centred at the site causes no significant differences between TAG and Rainbow as 
physical processes operate on smaller length-scales than the criteria (Figure 5.5c). We 
now consider ARGO profiles where VMP data are available for comparison (Figures 
5.5d – f). By using the ARGO profile co-located with a VMP cast, no significant 
difference between off-ridge and on-ridge Kz profiles is apparent from 200 m to 300 
m (Figure 5.5d). However, by expanding the criteria to all ARGO profiles within one 
Rossby radius of each VMP, a significant difference between on-ridge and off-ridge 
Kz profiles emerges (Figure 5.5e), as reported by Tuerena et al. (2019). Further 
expansion of the spatial criteria to a 4o longitude by 4o latitude box centred at each 
VMP site results in no significant differences between on-ridge and off-ridge sites 
(Figure 5.5f). Therefore, pairing resource profiles to VMPs within one Rossby radius 
is advantageous compared to larger spatial choices or the geographically nearest 
profile. 
 
5.4.4 Diapycnal Resource Fluxes 
 
Resource fluxes from 250m to 550m were determined by combining vertical resource 
profiles with Kz profiles, showing distinct supply regimes at each study site (Table 
5.1). At both sites, Kz is lowest in VMPs assigned based on external forcing alone. Kz 
is a factor ~2 larger when using VMPs within one Rossby Radius of the resource 
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profiles at TAG and Rainbow compared to VMPs selected by forcing alone. Between 
sites, the bootstrapped average Kz is elevated at the shallower Rainbow site (zbottom = 
2367 m) compared to the TAG site (zbottom = 3553 m). However, this increase is not 
reflected in the vertical flux of nutrient-type resources NO3, PO4 and Si. For instance, 
applying VMPs within one Rossby Radius to resource profiles causes Kz estimates at 
Rainbow to be 42% greater than those at TAG, yet the overall NO3 flux is larger at 
TAG, meaning stronger vertical gradients in NO3 at TAG compensate for the increase 
in Kz. Diapycnal exchanges increase the flux of NO3, PO4 and Si above 250 m as 
concentrations increase with depth in their vertical profile. In contrast, scavenged-type 
resources Mn and Al are lost from the upper ocean by diapycnal exchange, suggesting 
Mn and Al surface maxima are eroded by physical processes at both sites. Hybrid-
type resource Fe is transported upwards at Rainbow and downwards at TAG in the 
250-550 m depth range, implying the scavenged-type part of the Fe profile persists to 
a greater depth at TAG, meaning the Fe minima are also deeper at TAG. The direction 
of each resource flux is consistent when using ARGO estimates of Kz in place of VMP 
estimates of Kz (Table 5.2). However, the flux magnitude increases as ARGO Kz is 
greater than VMP estimates. This elevation in Kz is likely due to seasonal bias within 
the datasets, which causes variation in ARGO data by a factor of 2 in the subtropical 
North Atlantic and by a factor of 2 to 5 in the 30oN to 40oN latitude band due to storms 
(Whalen et al., 2012). Overall, our results suggest the response in resources fluxes to 
changes in Kz between topographic sites is mitigated by a strengthening or weakening 





   






(a-c) Rainbow (blue) and 
TAG (red) hydrothermal 
sites along the Mid-Atlantic 
Ridge and (d-f) at VMP 
casts at off-ridge (black), 
Rainbow (blue) and TAG 
(red) along the Mid-Atlantic 
Ridge. ARGO profiles 
included in analysis are (a, 
d) adjacent profiles to sites 
of interest, (b, e) all profiles 
available within one Rossby 
Radius and (c, f) all 



















Nearest VMP 9.72 (6.85 - 14.9) x 10
-6
 6.31 (4.48 - 9.57) 0.41 (0.29 - 0.63) 3.57 (2.49 - 5.52) 
Forcing VMP 6.57 (4.89 - 9.35) x 10
-6
 4.22 (3.16 - 5.98) 0.27 (0.20 - 0.39) 2.33 (1.74 - 3.30) 
Rossby VMP 14.6 (10.8 - 19.7) x 10
-6




Nearest VMP 6.21 (4.70 - 8.80) x 10
-6
 6.18 (4.65 - 8.84) 0.39 (0.29 - 0.55) 2.62 (1.98 - 3.71) 
Forcing VMP 5.79 (4.18 - 8.72) x 10
-6
 5.82 (4.24 - 8.67) 0.38 (0.27 - 0.57) 2.70 (1.94 - 4.07) 
Rossby VMP 10.3 (8.36 - 13.3) x 10
-6
 10.5 (8.50 - 13.5) 0.68 (0.55 - 0.88) 4.91 (3.98 - 6.28) 
  Resource Flux 250m to 550m 
  





Nearest VMP 0.35 (0.23 - 0.56) -0.06 (-0.05 to -0.08) -0.88 (-0.64 to -1.28) 
Forcing VMP 0.23 (0.16 - 0.37) -0.04 (-0.03 to -0.06) -0.54 (-0.42 to -0.74) 





Nearest VMP -0.14 (-0.11 to -0.20) -0.09 (-0.07 to -0.13) -3.72 (-2.78 to -5.37) 
Forcing VMP -0.12 (-0.08 to -0.19) -0.07 (-0.05 to -0.10) -3.18 (-2.35 to -4.65) 
Rossby VMP -0.15 (-0.12 to -0.20) -0.11 (-0.08 to -0.14) -5.76 (-4.64 to -7.48) 
Table 5.1. Diapycnal diffusivity (Kz, m2 s-1) and vertical resource flux estimates from 250 m to 550 m depth at the Rainbow and TAG 









. Reported Kz and resource flux estimates are bootstrapped averages with 95% confidence intervals. Kz estimated from 29 VMP casts 
during RidgeMix field campaign and augmented by 5 VMP casts from the GA13) field campaign. Resource concentration data are from GA13 
























Station ARGO - - - - - - - 
Rossby ARGO - - - - - - - 
2 degrees ARGO 15.4 x 10
-6





Station ARGO 15.0 x 10
-6
 18.28 1.13 6.94 -0.78 -0.37 -13.48 
Rossby ARGO 16.0 x 10
-6
 20.16 1.26 7.74 -0.70 -0.35 -12.17 
2 degrees ARGO 16.1 x 10
-6
 18.51 1.16 7.17 -0.70 -0.33 -12.24 
Table 5.2. Diapycnal diffusivity (Kz, m2 s-1) and vertical resource flux estimates from 250 m to 550 m depth at the Rainbow and 




, Fe, Mn and Al flux 




. Kz estimated from ARGO float data (Whalen et al. 2012). Resource concentration data from GA13. 
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5.4.5 Vertical Resource Flux Structure  
 
To examine vertical structure and variations in the resource flux estimates, vertical 
flux profiles were grouped by site and averaged in 100 m depth intervals, showing 
Figure 5.6. Vertical resource flux estimates in the upper 1000m at the 
Rainbow (blue) and TAG (red) hydrothermal sites along the Mid-Atlantic 
Ridge. NO3, PO4 and Si flux estimates given in mmol m-2 yr-1, Fe, Mn and 
Al flux estimates in µmol m-2 yr-1. Estimates of vertical diffusivity from 
RidgeMix and resource data from FRidge (GEOTRACES GA13) field 
campaigns. 
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similarities in NO3, PO4 and Si fluxes and contrasts in Fe, Mn and Al fluxes between 
the Rainbow and TAG sites (Figure 5.6). At Rainbow, the upwards flux of NO3 and 
PO4 is greatest from 50 m to 150 m depth and generally decreases with depth, 
excluding a flux convergence at 450 m depth. The persistent NO3 and PO4 flux 
divergence at Rainbow suggests additional sources augment the upwards flux of both 
resources to sustain the divergent flux, such as lateral transport or regeneration at 
depth. The vertical structure in NO3 and PO4 fluxes is less clear at TAG. The Si flux 
at both sites follows a similar structure to NO3 and PO4 fluxes, however the Si flux 
maxima at TAG is located between 750 m to 850 m depth. Due to the hybrid-type 
behaviour of Fe, surface maxima in Fe are eroded at both sites by diapycnal mixing. 
The downwards flux of Fe extends to 250 m depth at Rainbow and 450 m depth at 
TAG, indicating contrasts in the length scale of the scavenged-type region of the Fe 
profile. Below 250 m and 450 m depths at Rainbow and TAG respectively, Fe is 
transport is upwards due to the nutrient-type behaviour of Fe at depth. At TAG, the 
structure observed in the Mn flux is caused by the attenuation of Mn concentrations 
from the surface to a near-consistent concentration (~0.2 nM) below 250 m depth, 
meaning a reduction in vertical Mn gradients and induced diapycnal Mn fluxes with 
depth. In contrast, below 550 m depth at Rainbow, there is an upwards flux in Mn 
which is induced as Mn concentrations increase with depth due to a source at depth. 
The vertical Al flux at TAG is dominated by downwards transport, likely due to the 
influence of aeolian deposition at the surface. However, between 150 m depth and 250 
m depth at both sites, Al is transported upwards, suggesting subsurface peak in Al. At 
Rainbow, below 550 m there is an upwards flux in both Al and Mn as their 
concentrations increase with depth. In summary, the structure of vertical fluxes is 
dependent upon vertical gradients in the given resource profile, which are driven by a 
combination of physical processes and biogeochemical cycling.  
 
5.4.6 Water Mass Contributions 
 
A water mass analysis was performed to identify contributing water masses in the 
upper 1500 m at the Rainbow and TAG hydrothermal sites (Figure 5.7). At both sites, 
there are large (>20%) influences of Mediterranean Overflow Water (MOW), 
Antarctic Intermediate Water (AAIW), Upper Labrador Sea Water (ULSW) and 
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Irminger Sea Water (ISW). At both sites, the contribution of MOW to the water 
column is ~45% to 50% at ~700 m depth and decreases to ~20% to 25% at ~1425 m 
depth. However, there are differences in the vertical gradient of MOW between the 
two sites. The reduction in MOW from 700 m to 1000 m depth is stronger at TAG 
than at Rainbow, meaning that over this depth bound gradients in conservative tracers 
associated with MOW are also greater at TAG. The maximum contribution of AAIW 
is 25% (860 m depth) and 45% (1010 m depth) at Rainbow and TAG, respectively. 
Differences in the AAIW contribution are expected as TAG is located 10-degreees 
south of Rainbow and are important due to the high silicate end-member composition 
of AAIW (Table 2.1). ULSW is absent above 800 m depth at both sites, increasing to 
a contribution of ~60% at 1400 m depth at both sites. As the vertical structure of 
ULSW contributions are similar between sites, ULSW is not expected to cause 
differences in the vertical fluxes of conservative tracers between TAG and Rainbow. 
Finally, the influence of ISW is largest at ~700 m at both sites, however the 
contribution of ISW is larger at Rainbow (~40%) than at TAG (34%). Overall, our 
results demonstrate there are differences in the influence of major water masses 
Figure 5.7. Water mass contributions (%) at the TAG (red) and Rainbow (blue) 
study sites, following the methodology of Jenkins et al., (2015) to identify 
contributions of Mediterranean Overflow Water (MOW), Antarctic 
Intermediate Water (AAIW), Upper Labrador Sea Water (ULSW) and Irminger 
Sea Water (ISW).  
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between the Rainbow and TAG site, most notably in AAIW from ~800 m depth to 




In this work, we combined in-situ VMP observations of Kz and resource profiles to 
calculate resource fluxes along the Mid-Atlantic Ridge and assess the role of 
topography in elevating upper ocean mixing and the response in resource fluxes. In 
doing so, we quantified the replenishment of upper ocean resources following loss to 
biological export and scavenging. VMP profiles demonstrated an increased Kz at the 
shallow Rainbow site when compared to the TAG site. However, the magnitude of 
NO3, PO4 and Si fluxes at both sites was comparable, meaning reduced diapycnal 
diffusivity at the TAG site was mitigated by stronger gradients in resource profiles. 
The diapycnal flux of trace elements Fe, Mn and Al differs strongly between the two 
sites. Specifically, between 250 m and 550 m depth, we found that Fe is supplied and 
removed by diapycnal exchanges at the Rainbow and TAG sites respectively.  
 
 5.5.1 Comparison of Diapycnal fluxes to Other Supply Estimates 
 
The NO3 fluxes identified here are generally smaller than those estimated during 
spring and neap tides in Tuerena et al. (2019). However, NO3 fluxes estimated in 
Tuerena et al. (2019) are representative of fluxes at the base of the deep chlorophyll 
maxima (DCM), which is a highly productive region of the water column. Hence, NO3 
gradients are sharp at the base of the DCM due to consumption, subsequently elevating 
the NO3 flux. In this study, sharp features in resource profiles are lost due to the 
vertical resolution of available measurements necessitating the use of 100 m bins in 
the vertical dimension. Tuerena et al. (2019) demonstrate the sensitivity of the vertical 
NO3 flux to the spring-neap tidal cycle. The diapycnal fluxes of other resources, 
including PO4, Si, Co, Fe and Mn, are therefore sensitive to the spring-neap tidal cycle 
and may vary by a factor of 8 due to temporal changes in Kz. In the thermocline, eddy 
stirring along sloping isopycnals has been linked to vertical NO3 fluxes from 1 to 10 
mmol N m-2 yr-1, comparable to NO3 estimates in this study, suggesting this process 
plays an important role in the transfer of NO3 and other resources in the subtropical 
 151 
North Atlantic (Spingys et al., in prep). In the upper 160 m of the subtropical North 
Atlantic, salt-fingering and turbulence due to internal waves deliver 85 ± 44 mmol N 
m-2 yr-1 and 15 ± 7 mmol N m-2 yr-1 (Dietze et al., 2004). Finally, the winter-time 
entrainment of NO3 and PO4 into the mixed layer in the region is low compared to the 
diapycnal transfers in the upper ocean as the mixed-layer does not access deep NO3 
and PO4 stock (Rigby et al., 2020). Both entrainment and diapycnal processes act to 
erode surface maxima in Fe and Mn, however, the magnitude of surface losses due to 
entrainment outweigh losses due to diapycnal exchanges. Through the thermocline, 
upwards Fe fluxes at Rainbow and TAG are comparable to low Fe fluxes estimated in 
the North Atlantic subtropical gyre and North Atlantic tropical gyre respectively 
(Ussher et al., 2013). Diffusive Fe fluxes into the mixed layer are greater in high 
latitudes compared to the low latitude North Atlantic (Painter et al., 2014).  
  
Figure 5.8. Apparent Oxygen Utilisation (AOU, µmol L-1) in the upper 
1000m at the Rainbow (blue) and TAG (red) hydrothermal sites along the 
Mid-Atlantic Ridge. Data from the stainless-steel rosette on the FRidge 
(GEOTRACES GA13) field campaign. 
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5.5.2 Importance and drivers of the vertical resource profile  
 
In the upper 1000 m, Kz is larger at the Rainbow site than at the TAG site by 57%, 
13% and 41% following the nearest, forcing and Rossby Radius VMP assignment 
criteria respectively (Table 5.1); however, vertical resource fluxes remain comparable. 
Differences in the vertical resource flux caused by a reduction in Kz at the TAG site 
must be compensated by stronger vertical gradients at the TAG site compared to the 
Rainbow site. The vertical profiles of each resource are shaped by biological and 
physical processes. 
 
5.5.2.1 Processes influencing the NO3, PO4 and Si vertical profiles  
 
Nutrient-type resources NO3, PO4 and Si become exhausted in the upper water column 
due to consumption during primary production. As organic material is exported from 
the surface mixed layer to underlying waters, NO3, PO4 and Si are supplied at depth 
by the regeneration of organic material, a process which consumes oxygen. The 
vertical gradient in AOU (d[AOU]/dz) from 100 m to 1000 m depth decreases from 
0.17 µmol L-1 m-1 at the TAG site (R2 = 0.99, Figure 5.8) to 0.10 µmol L-1 m-1 (R2 = 
0.97, Figure 5.8), resulting in stronger vertical gradients of regenerated material at the 
Rainbow site. The reduction in the vertical gradient of AOU and regenerated NO3, 
PO4 and Si mitigates changes in the diapycnal flux due to increases in physical mixing. 
Therefore, stronger vertical gradients in tracer profiles are inherent to regions of 
reduced vertical mixing, meaning that decreases in vertical mixing do not always 
result in concurrent reductions to vertical resource transport.  
 
Water masses originating from high latitudes are recognised to regulate productivity 
in the tropical ocean (Sarmiento et al., 2004). In this study, we identify an elevation in 
the vertical flux of NO3, PO4 and Si from 750 m to 850 m depth at the TAG site (Figure 
5.6). Water mass analysis shows the contribution of Antarctic Intermediate Waters 
(AAIW) to the water column peaks at 45% around ~1000 m depth at TAG. The end-
member composition of AAIW is rich in NO3, PO4 and Si compared to other major 
contributing water masses (Mediterranean Overflow Water, Upper Labrador Sea 
Water and Irminger Sea Water, Figure 5.7) in the region (Jenkins et al., 2015). The 
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increase in the AAIW water contribution from 21% to 35% between ~700 m and ~800 
m depth forms gradients in the vertical profiles of NO3, PO4 and Si, which increases 
the vertical flux (Figure 5.7). From ~800 m to 1000 m, the contribution of AAIW 
increases from 35% to 42%, a notably weaker AAIW contribution than in overlying 
waters, resulting in weaker resource gradients and weaker vertical fluxes (Figure 5.7). 
Overall, our results demonstrate the importance of physical processes in shaping 
nutrient-type profiles at low latitude systems and subsequent resources fluxes.  
 
5.5.2.2 Processes Influencing the Fe Vertical Profile 
 
In contrast to nutrient-type resources, diapycnal mixing may increase and reduce Fe 
availability in the upper water column. There is a downward flux of Fe in the upper 
250 m and 450 m at the Rainbow and TAG sites respectively. At both sites, surface 
maxima exist due to dust derived surface maxima. The depth at which the downwards 
Fe flux meets the upwards Fe flux signifies a subsurface minimum in the vertical Fe 
profile and flux convergence, resulting in a build-up of Fe acting to erode the minima. 
As Fe is a hybrid-type resource, the shift from a downward flux to an upward flux 
identifies a transition from the scavenged-type to nutrient-type region of the Fe profile. 
Figure 5.9. Vertical profile of δ3He 
(%) at the Rainbow hydrothermal 
site on the Mid-Atlantic Ridge. Data 
from the stainless-steel rosette on 
the FRidge (GEOTRACES GA13) 
field campaign. 
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The contrasting depth at which Fe transitions from scavenged-type to nutrient-type is 
likely due to greater dust deposition rates at TAG (Jickells et al., 2005, Baker et al., 
2013) or enhanced scavenging rates at the Rainbow site. There is an influence of 
MOW at both TAG and Rainbow sites (Figure 5.7). Although the Mediterranean 
receives large quantities of Saharan dust (and therefore Fe), biological uptake and 
scavenging of Fe prior to MOW entering the North Atlantic basin result in no 
subsurface Fe signal associated with MOW (Hatta et al., 2015). Overall, we 
demonstrate that the vertical Fe fluxes at TAG and Rainbow are controlled by local 
processes rather than remote influences.  
 
5.5.2.3 Processes Influencing the Mn and Al Vertical Profiles  
 
Mn and Al are generally associated with scavenged-type vertical profiles due to 
atmospheric deposition and the photoreduction of Mn oxides in the upper ocean and 
the high Al content of dust in the subtropical North Atlantic, resulting in large surface 
stocks and downward Mn and Al fluxes due to diapycnal mixing. The Mn flux profile 
at TAG is typical of Mn in the deep ocean as surface maxima are eroded by mixing, 
while at depth the vertical Mn concentration is ~ 0.2 nmol kg-1, resulting in negligible 
diapycnal fluxes due to the absence of vertical gradients. There is an upward flux of 
both Mn and Al from below 550 m depth at the Rainbow site, indicative of a 
subsurface Mn and Al source which is transported vertically by diapycnal mixing. 
Water mass analysis from ~700 m to ~1100 m has demonstrated a strong influence of 
Mediterranean Outflow Water in the subtropical North Atlantic. MOW is recognised 
as a major source of Al at mid-depths in the North Atlantic (Jenkins et al., 2015, 
Menzel Barraqueta et al., 2018). However, the contribution of MOW to the water 
column decreases with depth at both sites, conceptually this would result in a 
contemporaneous decrease in Al concentrations with depth and downwards Al flux. 
There are two candidate processes which may act as a subsurface source of Mn and 
Al at the Rainbow site: (1) lateral transport and (2) hydrothermal inputs. The Azores 
current is the southern extension of the Gulf Stream and forms the north-eastern limb 
of the North Atlantic subtropical Gyre. The Azores current influences hydrography at 
the Rainbow site (Thurnherr and Richards, 2001), meaning an upstream source of Mn 
or Al maybe transported along isopycnals, then accessed by diapycnal mixing. 
Alternatively, the elevation in Mn and Al may be augmented by hydrothermal inputs 
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at depth (Hatta et al., 2015, Measures et al., 2015, Resing et al., 2015). This hypothesis 
is supported a strong vertical gradient in excess 3-helium, a conservative tracer of 
hydrothermal inputs (Figure 5.9). In summary, the vertical flux of Mn and Al is 
dependent upon Kz and gradients in their vertical profiles, which are affected by a 
myriad of local and remote processes.  
 
5.5.3 Wider Considerations  
 
Results from this study have demonstrated the need to consider changes in both the 
vertical resources profile and vertical mixing when determining resource fluxes. Here, 
we discuss the relevance of this finding in relation to a short-term process, the spring-
neap tidal cycle, and a long-term process, enhanced stratification associated with 
future warming oceans from the present to 2100.  
 
5.5.3.1 Spring-Neap Resource Pulses 
 
Evidence presented in section 5.5.2.1 demonstrates that in a reduced mixing 
environment, regeneration permits the accumulation of NO3, PO4 and Si at depth, 
strengthening vertical gradients in their associated vertical profiles. We are able to use 
this assertion to speculate on the role of the spring-neap tidal cycle in enhancing the 
resource flux, which has been demonstrated to increase the NO3 flux by a factor of 9 
over the mid-Atlantic Ridge (Tuerena et al. 2019). During neap tides (reduced 
mixing), subsurface resource stocks are increased by the regeneration and 
remineralization of detrital organic matter sinking from above. As Kz is low during 
neap tides, strong vertical gradients form between the productive upper ocean and 
underlying waters. During subsequent spring tides, an increase in Kz is observed over 
rough topography. The elevation in Kz and stronger vertical gradients which formed 
in previous weeks during neap tides couple to greatly increase resource fluxes. This 
process erodes vertical gradients and the system returns to neap tidal conditions, where 
a reduced Kz and weaker vertical gradients cause a decrease in the vertical resource 
flux. The coupled effect of changes to Kz and vertical gradients during the spring-neap 
tidal cycle results in greater variance in the resource flux compared to that in Kz alone. 
In this theoretical case, a factor three increase in resource gradients and a factor three 
increase in Kz amplify the resource flux by a factor nine, highlighting that observed 
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changes to Kz alone do not directly correspond to changes in the vertical resource flux. 
While the dataset used for this study is unsuitable to quantify this process due to 
temporal limitations of observations, we hypothesise that the spring-neap tidal cycle 
delivers regular pulses of key resources to the upper ocean biome in productive 
regions. 
 
In this study, we demonstrate the importance of topographical depth relative to the 
thermocline in regulating diapycnal exchanges in the upper ocean. Previous work has 
shown that interactions between the spring-neap tidal cycle and topography drives 
pulses in the delivery of NO3 to the subsurface chlorophyll maxima (Tuerena et al., 
2019). We are therefore able to infer similar pulses in the delivery of other resources, 
such as PO4, Si, Fe and Mn, to the sub-tropical North Atlantic over rough topography; 
however, we are unable to directly quantify these exchanges in this study. This 
inference may be expanded to other regions of the global ocean. Vertical pulses of key 
resources due to the tidal cycle are important in regions where resource availability 
restricts productivity, such as Fe-limitation in the Southern Ocean (Moore et al., 2013, 
Wu et al., 2019), where periodic pulses in mixing over seamounts or ridges drive 
sporadic increases in productivity if Fe delivery is enhanced during spring tides. This 
inference is currently challenged by a lack of in-situ data, where both Kz and Fe are 
regularly sampled over the spring-neap tidal cycle near to rough topography, allowing 
quantification of changes to Kz, resource profiles and subsequently the vertical flux.  
 
5.5.3.2 Mitigation to Decreased Mixing  
 
Future projections of the global ocean biogeochemistry report a reduction in mixing 
due to enhanced warming and stratification, inducing a reduction in resource supply 
to the upper ocean and subsequent reduction in productivity (Bopp et al., 2001, 
Lefebvre and Goosse, 2008, Sen Gupta et al., 2009, Capotondi et al., 2012, Bindoff et 
al., 2019). However, over long periods where mixing rates are gradually reduced, 
subsurface resource stocks accumulate due to regeneration and a lack of mixing to 
erode the concentration maxima. This causes a strengthening of vertical resource 
gradients at depth as resource profiles adjust to weakened Kz and therefore mitigates 
against reduced mixing acting to decrease the vertical resource flux. In addition, 
changes to biogeochemical process may further enhance subsurface resource stocks 
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and vertical gradients in resource limited waters. For example, in a warming ocean, 
remineralization rates are expected to increase (Boscolo-Galazzo et al., 2018), leading 
to an enhanced supply of resources at depth and further strengthening vertical 
gradients in resource profiles where export is maintained. While recent work has 
demonstrated that increases in respiration rates are more sensitive to temperature than 
rates of primary production (Barton et al., 2020) resulting in enhanced recycling in the 
euphotic zone and less export to underlying waters, we contend that over long periods 
resources are ultimately exported from the euphotic zone and must be resupplied by 
external sources. We suggest that in a reduced mixing scenario, vertical resource 
profiles adjust to Kz and resource gradients are strengthened, meaning assumptions 
that productivity decreases proportionally to reductions in Kz alone are incorrect. 
 
The long-term view is further challenged by changes to circulation pathways which 
form vertical gradients in resource profiles and sustain primary production (Jenkins 
and Doney, 2003, Sarmiento et al., 2004). Nutrient streams are characterized by strong 
subsurface boundary currents associated with enhanced subsurface nutrient 
concentrations, inducing regions of significant resource transport at depth (Williams 
et al., 2006, Palter and Lozier, 2008). Nutrient streams transport resources from depth 
in mid-latitudes to the upper ocean in high latitudes as isopycnals outcrop; vertical 
mixing processes then transfer these resources into the mixed-layer (Pelegrí et al., 
1996). Recent works have demonstrated that in a future ocean, a slowing of nutrient 
streams and decrease in winter mixed-layer depths causes a decrease in productivity 
as resource supply is diminished (Tagklis et al., 2020, Whitt and Jansen, 2020). 
Productivity is further diminished by considering that as nutrient streams slow vertical 
gradients in resource profiles weaken, particularly at high latitudes, meaning the 
vertical flux is reduced. Alongside changes in nutrient streams, water mass 
contributions will alter in the future ocean (Meijers, 2014). As demonstrated in this 
study, water mass contributions influence vertical resource gradients and subsequent 
vertical fluxes, hence warranting further study. Overall, we speculate that long-term 
changes to both Kz and circulation pathways alter the distribution of resources causing 
a complex response in vertical resource fluxes which sustain primary production.  
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5.6 Conclusions  
 
VMP derived estimates of diapycnal diffusion are combined with resource profiles to 
calculate the vertical flux of NO3, PO4, Si, Fe, Mn and Al at two topographical sites 
along the Mid-Atlantic Ridge. We show an elevation in upper ocean Kz at the shallow 
Rainbow site (zbottom = 2367 m) compared to the deeper TAG site (zbottom = 3553 m). 
VMPs were paired to resource profiles based on multiple criteria. Using an ARGO 
float data climatology of Kz, we demonstrate that the use of VMPs within one Rossby 
radius of a resource profile is most representative of Kz at the resource profile site. In 
addition, we find that Kz in the upper ocean is driven primarily by tidal forcing while 
wind inputs play a background role. From 250 m – 550 m, diapycnal exchanges supply 
nutrient-type resources to the upper ocean, while eroding surface maxima in 
scavenged-type resources. Fe is transported downwards at the TAG site and upwards 
at the Rainbow site as the sub-surface minima of Fe is deeper at TAG. Although Kz is 
larger at Rainbow compared to TAG, vertical fluxes remain comparable due to 
contrasts in the vertical resource gradients between Rainbow and TAG. The shape of 
vertical resource profiles differs between the two sites due to physical and biological 
processes. We demonstrate that at the TAG site, stronger vertical gradients result from 
the presence of aged water that have undergone more remineralisation, while the 
influence of AAIW was also greater than at the Rainbow site, mitigating changes in 
vertical mixing between the two sites. 
 
Our results demonstrate the need to consider changes in vertical resource profiles 
alongside changes in mixing to diagnose subsequent effects on resource supply. 
During short-term periods of reduced mixing followed by periods of enhanced mixing, 
such as the spring-neap tidal cycle, resources accumulate at depth during neap tides 
and subsequent enhancements in mixing during spring tide then increase resource 
vertical supply. The combination of periodic enhanced mixing and stronger vertical 
gradients generates pulses in resource supply to upper ocean biota. In contrast, the 
prevailing view is that in a future warming ocean the vertical supply of resources to 
the upper ocean is diminished due to enhanced stratification. Future reductions in 
mixing, and subsequently resource supply, are mitigated by the formation of stronger 
vertical gradients in resource profiles under a reduced mixing regime, enhanced 
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regeneration at depth due to the temperature dependence of metabolic processes and 






The overarching aim of this thesis was to provide new insights into the distribution of 
bio-essential resources and the processes governing their supply to the upper ocean to 
support primary production. Specifically, initial research questions concerned the 
availability of trace-elements in the winter mixed-layer depth, the role of winter-time 
entrainment, regional and temporal variations in diapycnal mixing and the influence 
of topographic features on resources fluxes. The new knowledge produced in this 
thesis allows us to understand observed patterns in marine phytoplankton, key 
processes sustaining their growth and anticipate how those patterns may change in the 
future. This has achieved by synthesizing modelling and in-situ observations in the 
fields of both physical oceanography and marine biogeochemistry. As well as 
developing our understanding of upper ocean resource cycling, this thesis paves the 
way for avenues of future research.  
 
6.1 Thesis Findings 
 
In Chapter 3, output from the Estimating the Circulation and Climate of the Ocean 
(ECCO) global circulation model was combined with observational data from 
GEOTRACES to investigate the availability of resources throughout the winter mixed 
layer in the Atlantic Ocean. Results demonstrated that there are clear basin-scale 
regimes in the relative availability and winter-time entrainment of resources, which 
are dependent on the vertical profile of each resource. Resource availability is high 
where the mixed-layer depth extends to below the nutricline in winter, while mixed-
layer resources remain depleted if subsurface stocks are not accessed by winter 
mixing. Offsets in the depth and shape of vertical gradients between resources 
establishes large-scale regimes in resource availability and stoichiometry. For 
example, in the subtropical North Atlantic, NO3 and PO4 exhibit nutrient-type profiles 
and are depleted in surface waters, while the reverse is the case for scavenged-type 
resource Mn, leading to low estimates of NO3/PO4 and high estimates of Mn/PO4 in 
the region. Further, comparison of N and Fe stocks show singular N-limitation in the 
subtropical North Atlantic and singular Fe-limitation in high latitudes. Fe limitation in 
deep water formations sites, such as the Labrador Sea, eludes to a key role of high 
latitude Fe stocks in regulating low latitude biogeochemistry. The relative availability 
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of resources sits on a continuum between nutrient-type resource NO3/PO4 and 
scavenged-type resource Mn/PO4, where resources are correlated to end-members as 
follows: NO3/PO4, Cd/PO4, Si/PO4, Zn/PO4, Co/PO4, Fe/PO4, Mn/PO4. The shape of 
vertical resource profiles also alters the role of entrainment in governing mixed-layer 
resource availability. In winter, the seasonal deepening of the mixed layer entrains 
underlying waters into the mixed layer, replenishing nutrient-type resources lost to 
export. However, seasonal entrainment reduces the availability of scavenged-type 
resources, as surface maxima are eroded and resource stocks diluted. Finally, as the 
depth attained by winter mixing is highly variable, Chapter 3 investigated changes in 
resource availability under multiple mixing scenarios. While the response was 
complex and highly varied between resource and region, results demonstrated that the 
mixed layer in the low latitude Atlantic Ocean becomes richer in Si, Zn, Co, Fe and 
Mn relative to PO4 under a reduced mixing scenario. Changes to the stoichiometry of 
the mixed layer has important ecological consequences such as resource deficiency or 
changes in phytoplankton community structure.  
 
Data captured by ocean transect field campaigns, such as those in GEOTRACES, offer 
single snapshots of the ocean environment. To further investigate the temporal role of 
mixing and winter-time entrainment from GEOTRACES observations, Chapter 4 used 
helium, a chemically and biologically inert noble gas, as a tracer of mixing which 
integrates physical signals. By estimating rates of air-sea gas exchange, air injection 
by bubble processes and the in-situ decay of tritium, a residual flux of helium due to 
diapycnal transfers from below was calculated. The residual flux was then used 
alongside the vertical gradient of helium to infer total physical transprt. Data from two 
seasonally differing field campaigns were used to demonstrate that vertical mixing in 
the seasonal thermocline is greater by a factor of 7 when winter-time entrainment is 
active. This demonstrates that temporal changes in physical processes must be 
considered when interpreting single point observations. As Chapter 3 highlighted the 
key role of resource gradients in setting the vertical resource flux, in Chapter 4 we the 
explored linkages between oxygen gradients and resource gradients in the equatorial 
Pacific and subtropical North Atlantic. In both regions, NO3, PO4, Si, and Mn 
displayed strong relationships with oxygen. However, Co displayed a strong 
relationship with oxygen in the subtropical North Atlantic only, while Fe displayed a 
strong relationship with oxygen in the equatorial Pacific only. Zn did not show strong 
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linkages to oxygen in either region. A simple linear model was applied to estimate the 
relative role of resource gradients and diapycnal mixing in explaining the resource 
fluxes at each station. This approach showed that variation in diapycnal mixing was 
the main driver of variability in resource fluxes in the subtropical North Atlantic, while 
both resource gradients and diapycnal mixing were important in the equatorial Pacific. 
In the subtropical North Atlantic, resource fluxes were compared to the accumulation 
of resources within multiple groups of phytoplankton taxa to show that the cellular 
composition of nanophytoplankton and dinoflagellates was similar to the 
stoichiometry of the upwards flux. However, the stoichiometry of the upwards flux 
differed to the cellular stoichiometry of diatoms, suggesting diatoms may accumulate 
resources from other external sources, such as aeolian deposition. Finally, the Fe-N 
limitation algorithm developed by Browning et al. (2017a) was applied to resource 
fluxes in the equatorial Pacific to demonstrate the transition from Fe-N serial 
limitation in the Peruvian Upwelling Zone to Fe-singular limitation in the open ocean.  
 
Chapter 5 builds on the temporal variations in diapycnal mixing identified in Chapter 
4 by exploring spatial changes in diapycnal mixing in the upper ocean around regions 
of rough topography. Vertical microstructure profiler data from the RidgeMix project 
enabled direct comparisons of mixing between a shallow topographic site and a deep 
topographic site from in-situ data. Data is available from two key sites along the Mid-
Atlantic Ridge, Rainbow hydrothermal vent site (z = 2673m) and TAG hydrothermal 
vent site (z = 3553m). Snapshots of mixing were used to demonstrate an increase in 
mixing by a factor two in the upper 1000m at the shallow site compared to the deep 
site. The Rainbow and TAG sites were also highly sampled areas during the GA13 
field campaign, meaning vertical profiles of resources are available at both sites. 
However, the physical and biogeochemical datasets were from differing cruises. 
Vertical resource profiles from GA13 and vertical microstructure profilers from 
RidgeMix were paired dependent upon geographical position and by similar external 
forcing by the wind and tides. ARGO floats were used to identify that the pairing of 
profiles by external forcing and within one Rossby Radius is most representative of 
mixing. Vertical fluxes of NO3, PO4, Si, Fe, Mn and Al were computed at both 
hydrothermal vent sites, however, the increase in diapycnal mixing did not always 
result in increases to the resource flux. The increase in diapycnal mixing at the shallow 
topographic site was mitigated by a reduction in the strength of vertical resource 
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gradients. NO3, PO4 and Si are nutrient-type resources and hence supplied to the upper 
ocean by diapycnal mixing at both sites. The behaviour of Fe is different between the 
two sites, as diapycnal mixing removes Fe at the TAG site, while Fe is removed from 
the upper ocean at the Rainbow site. Surface maxima in Mn and Al are eroded by 
diapycnal mixing at both sites. Differences in the vertical gradients of resources 
between the two hydrothermal sites are partially attributed to differences in the 
contribution of water masses. At the TAG site, the influence of Antarctic Intermediate 
Water is greater than at the Rainbow site, resulting in stronger gradients of resources 
associated with Antarctic Intermediate Water, such as Si. The analysis completed in 
Chapter 5 drew linkages to temporally varying processes. For example, during the 
short-term periodic processes such as the spring-neap tidal cycle, a reduction in mixing 
during neap tides permits the accumulation of resources at depth, increasing vertical 
gradients. Subsequent increases in mixing during spring tides are coupled with 
stronger resource gradients formed during neap tides to induce strong, periodic pulses 
of resources to biota in the upper ocean. During long-term changes such as ocean 
warming, reduced mixing permits the strengthening of vertical resource gradients and 
mitigates changes to the vertical resource flux. This hypothesis challenges the current 
first-order view that a reduction in mixing causes a proportional decrease in the 
vertical resource flux and subsequent decrease in upper ocean productivity.    
 
6.2 Future Directions 
 
This thesis presented the stoichiometry of NO3, PO4, Si, Cd, Co, Zn, Fe and Mn in the 
winter mixed-layer of the Atlantic Ocean. Due to practical constraints, vertical 
resource profiles are not currently available at monthly resolution and at global 
coverage, particularly for trace elements. Hence, in Chapter 3, monthly resource 
profiles are reconstructed by conserving resource concentrations on isopycnals and 
using physical hydrography from the ECCO model. There is currently a trend towards 
marine autonomy, ranging from moorings, drifting deep ARGO floats and 
biogeochemical ARGO floats, to pilotable sea gliders and slocum gliders. Advances 
in marine autonomy will enable significantly greater coverage of the global ocean, 
both temporally and spatially, as well as targeted studies in remote regions. Moorings 
are typically deployed to collect a time-series of hydrographic conditions at a fixed 
location, such as the RAPID array (McCarthy et al., 2015), and will be exploited to 
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provide a time-series of trace elements in future studies. The ARGO programme 
monitors the global ocean by use of 3906 operational drifters (as of November 2020, 
https://www.ocean-ops.org/board?t=argo) and recently received additional funding 
for the biogeochemical ARGO platforms, which includes the measurement of oxygen, 
nitrate and chlorophyll. Ocean gliders are able to continuously record observations for 
thousands of kilometers while the pilot resides in an onshore command center, 
negating the need for expensive ship time and the deployment of personnel to remote 
environments such as the Southern Ocean in winter. However, sensors able to measure 
trace element availability at oceanic concentrations are not yet operational, hence 
limiting the capabilities of marine autonomy in biogeochemical studies. Trace element 
sensors are currently restricted by their sensitivity, size, power requirements and 
supporting infrastructure (Grand et al., 2019). The operational use of trace element 
sensors is anticipated by 2030 (Grand et al., 2019). The development of trace element 
sensors and continued improvements to autonomous vehicles will enable more 
accurate depictions of biogeochemical processes which are currently hindered by the 
availability of in situ observations, such as the calculation of winter mixed-layer 
resource availability and monthly entrainment in Chapter 3 of this thesis. However, 
until such equipment is available, traditional transect studies focused on regions of 
biogeochemical importance will remain crucial to advancing our understanding. For 
example, this thesis has identified the potential for Fe limitation in North Atlantic 
deep-water formation sites, suggesting that high latitude Fe exerts a remote influence 
over low latitude biogeochemistry. However, sufficient observations to further 
investigate this hypothesis are unavailable at present.  
 
Linking relative resource availability to the composition of marine phytoplankton to 
predict regions of resource limitation was an early ambition of this thesis, however, 
this was considered unfeasible with current datasets. We require studies on the 
composition of marine phytoplankton, both at taxon and community level, under 
numerous resource replete conditions as well as under singular-, serial-, and co-limited 
conditions. The importance of considering resource conditions was evidenced by 
Hawco et al. (2018), where increasing the availability of Zn and Mn caused a decrease 
in productivity as the Co uptake mechanism was inhibited by Zn and Mn. Proteomic 
and metabolomic studies are further advancing our understanding of resource limited 
phytoplankton by investigating protein signatures under resource stress (Saito et al., 
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2014, Wu et al., 2019). In biogeochemical models, resource limitation by nitrogen, 
phosphorus, silicic acid or iron is considered by following a simple law of the 
minimum approach (Galbraith et al., 2010, Dunne et al., 2013, Aumont et al., 2015). 
Further, the Biogeochemical Southern Ocean State Estimate uses the BLING model 
which does not include Mn (Galbraith et al., 2010, Verdy and Mazloff, 2017), 
however, in-situ studies have recognised Mn deficiency in the region (Moore, 2016, 
Wu et al., 2019). Future efforts should be made to expand the number of resources 
included in biogeochemical models, particularly Co, Zn and Mn. Such advances may 
then be used to investigate the importance of high latitude trace element cycling in 
setting deep water compositions and subsequent controls on low latitude 
biogeochemistry. Overall, to directly link resource stoichiometry to resource 
limitation requires a complete comprehension of phytoplankton growth under a range 
of resource replete and deplete conditions, which is currently unavailable.  
 
In Chapters 3, 4 and 5, the vertical distribution and supply of bio-essential resources 
is linked to gradients in vertical resources which are influenced by oxygen minimum 
zones, changes to vertical mixing and the contribution of remote water masses. Each 
influencing process is projected to change over the 21st century. The logical 
progression from this thesis is therefore to further investigate forward-looking 
speculations based on major findings presented here. The shape of vertical resource 
profiles governs the availability of resources in the mixed layer, however, how will 
resource profiles change throughout the 21st century? A warmer ocean is likely to 
affect the rate of numerous metabolic processes, this will alter the vertical profile of 
each resource differently and therefore alter mixed layer resource stoichiometry. 
Future changes to ocean oxygen content remain uncertain (Stramma et al., 2008, 
Deutsch et al., 2014, Bindoff et al., 2019). In Chapter 4, regional differences in 
linkages between oxygen and multiple resources were identified. Hence, the role of 
oxygen in modulating resource gradients in other regions of the global ocean is 
important and requires further study. Finally, physical changes to the global ocean 
during the 21st century will have significant implications on the vertical supply of 
resources to the upper ocean. How do future changes to ocean circulation affect the 
vertical gradients of bio-essential resources? Biogeochemical implications of a  
slowdown to nutrient streams in the Atlantic have been noted by recent works (Tagklis 
et al., 2020, Whitt and Jansen, 2020). Marine heatwaves exist in the ocean for days to 
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months and are projected to increase in frequency over the 21st century (Frölicher et 
al., 2018, Oliver et al., 2019). How does the regional warming of the upper ocean 
affect resource profiles, diapycnal mixing and subsequent resource supply? Is there an 
accumulation of resources in the subsurface during marine heatwave events which is 
transferred to biota and stimulates additional primary production when the ocean 
returns to regular conditions? Overall, understanding future changes to processes 
which influence the vertical distribution and transfers of resources is important and 
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